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PREFACE 

There  are  limes  when  some  of  us  yearn  for  the  simpler  life  of  yesteryear.  We  have  a  nostalgic 
feeling  for  simple  and  direct  responses  to  what  appear  to  be  simple  and  direct  problems.  In  the 
health  field,  the  skilled  doctor  may  give,  in  the  form  of  a  prescription,  what  seems  to  be  a  basic 
answer  to  a  problem.  Yet  when  this  thought  process  is  organized  into  a  flow  chart,  the  apparent 
simplicity  may  prove  to  be  deceptive.  Much  potential  complexity  has  been  tacitly  rejected  in  a 
subconscious  reasoning  process.  In  order  to  answer  a  simple  problem  with  confidence,  many 
alternate  factors  or  solutions  must  be  eliminated;  much  of  this  reasoning  may  be  below  the  con¬ 
scious  level.  Even  so,  the  problem  may  still  turn  out  to  be  more  complex  in  itself  than  meets  the 


We  are  biologically  highly  complicated.  We  are  impatient  for  effective  answers  and  too 
economically  minded  to  want  to  turn  back  the  clock.  As  time  moves  inexorably  on  we  must 
search  for  new  ways  to  become  more  efficient  and  effective  with  our  skills  and  resources. 

The  computer  has  the  potential  of  giving  individual  attention  to  patient  needs  without  the 
high  cost  of  human  service.  We  must  adapt  it  to  perform  with  skill  and  economy  but  leave  the 
patient  a  feeling  of  dignity.  That  characterizes  the  goal  for  automation  in  eye  examinations. 

For  the  foreseeable  future  we  shall  speak  of  computer-ass/s/ed  eye  examination  because 
the  computer  has  not  yet  been  developed  to  the  point  where  it  can  stand  alone.  Nevertheless, 
computer  assistance  holds  the  promise  of  greater  access  of  eye  examinations  and  lower  cost.  The 
beginning  has  been  made.  It  is  hoped  that  others  will  join  and  continue  to  develop  this  field  of 
man-machine  interaction  for  the  visual  health  of  mankind. 

• 

The  work  reported  in  this  volume  is  obviously  too  extensive  to  be  that  of  one  person 
alone.  The  original  concept  arose  in  1965  during  the  preparation  of  lectures  for  a  course  on 
advanced  geometrical  optics  as  studied  with  a  high-level  computer  language,  FORTRAN.  In  the 
course  of  this  preparation  it  became  obvious  that  eye  refractions  could  in  principle  be  accom¬ 
plished  by  computers.  There  were  two  primary  conceptual  problems.  First  was  that  of  communi¬ 
cation  between  the  computer  and  the  patient.  The  computer  could  speak  to  the  patient  only  in 
prearranged  messages  of  limited  duration,  and  the  patient  could  speak  to  the  computer  with  a 
pushbutton  answer  box.  The  second  problem  was  that  of  determining  the  visual  acuity.  The 
answer  to  that  came  while  l  was  undergoing  a  physical  examination  by  means  of  von  Bekesy’s 
audiometer.  His  concepts  could  be  adapted,  with  some  modifications,  to  visual  acuity. 

The  method  was  tried  with  the  help  of  Gary  Liberman,  then  an  undergraduate  optometry 
student  at  the  University.  Following  him,  many  student  collaborators  have  worked  on  the  project. 
Among  those  who  were  optometry  students  at  the  time  were  Donald  Dilly,  William  Baron,  Robert 
Wakamatsu,  Rebecca  Ng,  William  Wong,  Curtis  W.  Keswick,  Richard  C.  Koleszar,  Lisa  E.  Moon, 
Roy  L.  Baker,  and  Khin  P.  Chung.  Glen  L.  McCormack  was  a  graduate  student  in  physiological 
optics  at  the  time. 

A  number  of  computer  scientists  who  were  graduate  engineering  students  at  the  time  have 
contributed  to  the  project.  They  include  Paul  Chang,  Steven  Greenfield,  Allen  N.  Weiner,  John 
Cosley,  Yuji  Yamasaki,  George  Hung,  Brian  J.  Phillips,  Edward  C.  Ng,  Simon  M.  Favre,  Pavel 
Stoffel,  Peter  D.  Robertson,  and  L.  Jefferson  Braswell. 

C.A.  Laudel  did  the  machining  for  Refractors  II  and  III  following  the  initial  mechanical 
design  of  Edward  Chan.  Lens  specifications  for  Refractor  III  were  drawn  by  Dr.  Maxwell  M. 
Lang,  who  also  contributed  Chapter  3  of  this  volume. 

In  some  of  the  earlier  phases  of  this  work  there  was  collaboration  with  Professor  E.  R.  F. 
W.  Crossman,  and  his  graduate  student,  Peter  J.  Goodeve. 

The  most  important  single  collaborator  of  all  has  been  Dr.  Chacko  C.  Neroth.  His 
extraordinary  ability  extends  well  beyond  electrical  engineering  and  computer  science.  His  interest 


1  il# 


and  good  humor  made  our  group  meetings  both  pleasant  and  productive  Without  him  -  .  pm- 
;ect  would  not  have  reached  its  present  state  of  fruition 

Or  "he  administrative  and  literary  side  there  have  been  a  number  of  efficient  vOi^v'-  r  > 
.nciuding  Nancy  f  Lvemura.  June  Kress.  Man  Jane  Macdwyer.  Gail  Sheridan.  Cynthia  Ba-  arc 
Donald  C  Hunter  tileen  Glenn  and  Linda  Keul.  working  as  editorial  assistants,  corrpt.ed  the 
various  whapters.  appendixes,  and  illustrations  into  coherent  organization  Eileen  Glenr.  alv  pho- 
tot.vpeset  the  text 

Plates  were  drawn  by  Tamia  Marg,  with  the  exception  of  Plate  A 

The  earlier  stages  of  this  project  were  supported  by  a  grant  from  the  National  Institutes  n: 
Health  Its  current  fruition  was  made  possible  by  a  contract  from  the  U  S  Army  Medical 
Research  and  Development  Command  The  contract  monitors  who  were  most  helpful  in  expedit¬ 
ing  the  various  administrative  aspects  of  the  work  were  LTC  John  Snell,  Major  Frank  Kovach  Jr 
and  Col  James  Sampson  Interest  and  support  were  gratefully  received  from  successive  Chiefs  01 
Optometry  of  the  Surgeon  General's  Office.  Col  Henry  Maes.  LTC  Gene  Borland  and  Col 
Arthur  Giroux  Col  Budd  Appleton,  formerly  the  Chief  Army  Ophthalmologist,  has  always 
shown  his  interest  with  stimulating  questions  and  comments  Special  thanks  are  also  due  to 
Jerome  W  Malek,  Chief  of  the  General  Engineering  Branch  of  the  Medical  Bioengineering 
Research  and  Development  Laboratory,  who  has  replaced  Col  Sampson  as  monitor  of  our  project 
The  collaboration  at  the  Optometry  Clinic  of  the  Letterman  Army  Medical  Center  at  the  Presidio 
in  San  Francisco  was  made  effective  by  the  active  help  and  cooperation  of  LTC  David  E  Johnson, 
the  former  chief,  and  Major  Kenneth  W  Anderson,  the  current  one. 

General  intellectual  support  at  the  highest  level  was  received  from  my  colleague  and  friend 
Professor  Lawrence  Stark  of  this  University. 

To  the  others  who  played  perhaps  somewhat  smaller  roles  in  this  project  I  also  offer  my 
thanks  and  gratitude  Those  who  have  contributed  directly  to  this  volume  are  acknowledged  in 
the  appropriate  place 

My  only  regret,  as  I  see  this  book  taking  form,  is  that  computers  have  not  been  developed 
to  the  extent  where  they  can  find  and  correct  all  the  errors  I  have  no  doubt  committed  It  may  be 
just  as  well  that  this  development  is  not  imminent,  however,  because  when  they  reach  that  state 
of  perfection  they  may  well  be  ready  to  write  the  book  themselves. 

• 

It  seems  to  me  that  making  the  commitment  to  write  a  book  involves  a  conflict  between 
one's  other  interests  and  obligations,  natural  laziness,  or  perhaps  conservation  of  energy,  on  one 
hand  On  the  other  hand  the  creative  aspects  are  stimulating  My  primary  motivation  has  been  to 
collect  the  work  amassed  on  this  project  into  a  single,  easily  referred  to.  and  relatively  compact 
form  My  Interest  in  visual  neurophysiology  would  have  dominated  except  for  this  one  considera¬ 
tion  So  much  effort  has  gone  into  devising  and  testing  this  project  that  it  seemed  important  to 
have  the  documentation  in  one  central  place  for  reference. 

Naturally,  J  hope  it  will  also  be  of  interest  to  a  somewhat  broad  readership  It  is  of  value 
to  optometry  students  who  seek  an  approach  to  eye  examination  different  from  the  one  to  which 
they  are  accustomed.  It  is  of  interest  to  health  economists  to  point  an  alternate  pathway  in  the 
delivery  of  eye  examinations.  It  is  of  interest  to  electrical  and  industrial  engineers  as  an  unusual 
application  of  computer  science  Finally,  it  will  be  of  interest  to  computers  of  the  future  when 
they  are  collecting  the  early  history  of  their  once  primitive  kind. 

Elwin  Marg 

Berkeley,  California.  1980 
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Chapter  1 
INTRODUCTION 

AN  EYE  EXAMINATION  may  be  organized  from  a  number  of  specific  test  procedures  to  solve 
a  recognized  problem  or  to  answer  a  specific  question;  or  it  may  be  a  general  one  to  assess  the 
hiatus  of  vision  and  determine  whether  there  are  any  problems.  The  former  is  the  province  of  the 
specialist  in  vision;  the  latter,  of  the  general  vision  practitioner.  It  is  the  general  vision  practi¬ 
tioner  rather  than  the  contact-lens  specialist  or  the  eye  surgeon  who  can  be  aided  materially  by 
computers  at  this  time. 

A  thorough  examination  always  requires  many  tests,  most  of  which  are  normal  or  nega¬ 
tive  If  the  examiner  could  limit  the  test  to  patients  who  have  been  screened  for  greater  likeli¬ 
hood  of  a  positive  finding  on  a  test  or  a  battery  of  tests,  he  would  be  spending  his  time  much 
more  efficiently. 

In  principle,  a  computerized  test  can  be  more  valid  than  one  administered  by  a  human 
practitioner  That  may  one  day  become  true  of  a  basic  electrocardiogram  (EKG),  although  com¬ 
puter  EKG  pattern  recognition  has  not  yet  reached  its  definitive  state  of  development.  In  eye 
examinations,  the  practitioner  has  to  fit  the  results  of  other  diagnostic  tests  into  a  complete  diag¬ 
nosis  and  finally  into  a  treatment;  several  levels  or  layers  of  data  from  various  sources,  obtained 
by  various  means  and  instruments,  combine  and  interact  to  build  a  picture  or  model  of  the 
patient’s  status  and  his  possible  problems.  Next,  a  course  of  action  is  planned  on  how  to  meet 
these  problems.  With  the  development  of  instrumentation,  the  practitioner  has  been  able  to  build 
in  his  mind  a  more  valid  and  useful  model  of  the  patient's  visual  system.  It  is  becoming  increas¬ 
ingly  feasible  to  make  some  of  our  instruments  more  intelligent  so  that  models  can  be  presented 
ready  made,  ultimately  via  computer  graphics,  to  the  practitioner. 

In  computer-assisted  eye  examinations  the  practitioner  sees  the  patient  and  interacts  with 
him  primarily  for  two  reasons:  to  ascertain  that  the  computer  system  and  program  flow  charts 
have  been  adequate  to  the  task,  and  to  give  the  patient  personal  interaction  in  the  examination. 
More  useful  information  might  be  obtained  from  the  patient  directly  by  the  practitioner,  but  the 
quality  of  the  examination  and  the  cost  of  obtaining  these  data  must  be  evaluated  and  taken  into 
account 

Currently  the  computer  system  can  suggest  an  optical  prescription.  There  are  means  by 
which  the  system  can  evaluate  its  own  validity.  Nevertheless,  the  practitioner  must  remain  in 
control,  not  only  for  human  contact  but  also  because  of  the  limitations  of  communication  between 
computer  and  patient  The  patient  talks  to  the  computer  through  a  response  or  answer  box.  For 
the  case  history  there  are  three  buttons,  yes,  no,  and  doubtful.  The  refraction  response  box  has 
hve  pushbuttons,  four  placed  in  the  configuration  of  the  points  of  a  diamond  and  one  in  the 
center  Each  of  the  buttons  has  several  possible  meanings,  but  only  one  at  a  time  for  a  given  test. 
In  the  visual-acuity  test  each  point  of  the  diamond  represents  the  direction  of  the  opening  of  the 
broken  ring  or  C,  up,  down,  right,  or  left.  In  a  choice  between  two  lenses  presented  sequentially, 
lens  number  one  is  represented  as  the  better  choice  by  the  top  button,  and  lens  number  two  by 
■he  bottom  one  The  center  button,  with  an  exception  to  be  discussed  later,  is  reserved  for  calling 
for  a  repetition  of  the  instructions. 


Patient-computer  communication  is  restricted  The  patient  is  limited  in  what  he  can  say  to 
the  system  He  cannot  ask  questions;  he  cannot  ask  for  sympathy  or  approbation  during  the  test 
He  cannot  explain  his  apparent  failure  or  express  doubts.  All  such  human  but  functionally  ques¬ 
tionable  communications  must  await  the  human  interview  afterwards. 

The  computer  is  also  limited  by  the  prerecorded  messages  in  what  it  can  say  to  the  patient 
There  is  currently  no  economical  possibility  of  spontaneous  banter  or  joking,  although  standard 
jokes  could  be  programmed  much  as  some  classroom  lecturers  use  the  same  ones  year  after  year 

Philosophical  Bases 

In  human  affairs  there  is  generally  a  striving  for  change— change  for  what  is  believed  to  be 
for  the  better.  In  the  political  world  it  is  called  reform.  In  the  esthetic  world  it  is  exemplified  by 
art  nouveau.  In  the  business  and  professional  world  it  is  named  effectiveness  and  efficiency 
Effectiveness  indicates  that  the  objective  of  the  task  can  be  met.  Efficiency  is  a  measure  of  the  rela¬ 
tive  effort  that  must  be  used. 

Effective  eye  examinations  have  been  performed  for  more  than  a  century.  New  instru¬ 
ments  based  on  new  scientific  concepts  made  them  possible.  The  invention  of  the  ophthalmo¬ 
scope  opened  to  view  the  deep  interior  of  the  living  eye.  The  retinoscope,  or  skiascope,  gave  a 
stable  and  reliable  estimate  of  the  refractive  state  of  the  eye.  The  trial  lens  set,  and  its  develop¬ 
ment  into  a  refractor,  offered  a  systematic  and  precise  choice  of  refractive-test  powers.  Additional 
data  could  be  obtained  from  the  ophthalmometer  or  keratometer  about  the  curvature  that  indi¬ 
cates  the  dioptric  power  of  the  refracting  surface  of  the  cornea,  and  from  the  slit-lamp  corneal 
microscope  about  the  refracting  media,  especially  the  crystalline  lens  and  cornea. 

These  instruments,  which  characterize  modern  eye  examinations,  have  all  been  well  estab¬ 
lished  for  more  than  half  a  centu.y.  The  last  fundamental  improvement  in  them  was  the  replace¬ 
ment  of  external  light  sources  with  internal  incandescent  lamps.  Further  improvements  have 
come  in  very  small  steps,  with  many  changes  being  based  more  on  selling  points  than  on  exami¬ 
nation  criteria. 

Ophthalmic  instrumentation  has  not  developed  by  itself,  but  rather  from  the  practical 
applications  of  new  concepts  in  technology.  Bright  and  steady  light  sources  had  to  replace  flicker¬ 
ing  oil  lamps  and  candles.  Ground  and  polished  optical  surfaces  were  needed  to  overcome  the 
defects  of  blown  glass.  Tubes,  diaphragms,  gears,  detents,  scales,  even  knurled  knobs  had  to  be 
readily  available  from  the  machine-shop  lathe  before  brilliant  new  ideas  such  as  the  ophthalmo¬ 
scope  could  be  translated  into  clinical  usefulness. 

In  the  past  decade  a  new  development  of  science  and  technology— the  computer— has  had 
a  profound  effect  on  industry  that  is  just  now  reaching  ophthalmic  instrumentation.  Continuation 
of  this  trend  would  seem  slow  but  sure,  a  judgment  based  not  only  on  the  movement  of  all  tech¬ 
nology  toward  computerization,  but  on  the  advantages  it  can  provide  in  eye  examination. 

The  economic  justification  is  the  primary  but  not  the  only  reason  Ultimately  the  quality 
of  eye  examinations  should  improve  with  computerization,  although  at  the  current  stage  of 
development  the  goal  has  been  to  have  the  computer  do  what  it  can  do  without  any  decrease  in 
the  quality  of  the  service.  Improvements  can  be  sought  after  the  initial  development  is  accom¬ 
plished  and  the  operation  of  the  system  is  better  understood.  Other  justifications  include  more 
ready  access  and  reduction  of  language  and  other  cultural  barriers.  Access  is  not  currently  a  seri¬ 
ous  problem,  but  it  could  become  one  if  third-party  payment  for  eye  examinations  and  prescrip¬ 
tions  should  become  common,  as  might  happen  with  the  passage  of  a  National  Health  Act  similar 
to  that  in  the  United  Kingdom,  where  the  initial  increase  in  demand  was  tenfold.  Any  large 
change  is  likely  to  throw  the  current  balance  between  supply  and  demand  out  of  comfortable 
equilibrium. 

Aspects  of  the  eye  examination  not  readily  computerizable  will  become  more  important  in 
the  future  with  the  further  development  of  science  and  technology  in  our  field.  For  example,  the 
examination  of  infants  before  the  end  of  the  sensitive  or  critical  period  promises  to  become  a  vital 
preventive  eye-care  service.  The  detection  and  diagnosis  of  diseases  may  become  more  important 
as  new  treatments  are  found  to  prevent  or  cure  them  before  irreversible  damage  is 


June  The  trained  personnel  for  these  increased  services  may  well  come  from  among  those 
released  from  more  role  activities  by  computer  systems. 

The  quest  then  is  to  use  computers  combined  with  effective  ophthalmic  instruments,  the 
principles  ol  which  have  been  developed  over  the  past  century,  to  provide  a  more  efficient  eye 
examination —  efficient  in  terms  of  cost  and  skill,  and  no  less  effective  in  terms  of  quality  than  the 
current  manual  ones 

(■eneral  Eye  Examination 

Art  eye  examination  designed  to  determine  the  visual  condition  of  a  patient  may  be 
divided  into  the  following  parts 

/  Entrance  Inlerronation 

This  part  includes  the  name,  sex,  age,  address,  telephone  numbers,  occupation, 
identification  number,  and  billing  information 

(  uvr  History 

A  patient  may  present  himself  because  he  has  a  specific  complaint  in  regard  to  his  vision, 
nr  he  may  want  an  examination  to  be  assured  that  there  is  no  insidious  problem  or  disease.  If  the 
patient  answers  correctly,  the  case  history  yields  the  reason  for  the  visit.  The  examination  has 
i w 1 1  primary  goals  first,  to  discover  any  threat  to  vision  and  remove  it;  and  second,  to  satisfy  the 
patient's  complaints,  especially  the  chief  complaint.  The  case  history  reveals  the  complaint. 
Without  it  the  practitioner  must  assume  it  from  the  examination  data.  Most  commonly  the  prob¬ 
lem  is  poor  visual  acuity  or  'eye  strain’  because  of  a  correctable  refractive  error. 

1  1  :siial  Acuity 

The  primary  symptom  of  a  need  for  refractive  correction  is  poor  visual  acuity.  Generally  it 
is  also  the  chief  complaint.  More  than  a  single  visual  acuity  value  is  required  for  each  eye.  Acu- 
itv  must  be  measured  with  various  lenses  in  addition  to  an  initial  measurement  of  the  naked  eye. 
H  is  also  recorded  with  any  previous  prescription  for  distance  vision.  It  may  also  be  measured 
with  the  lenses  found  by  objective  means  such  as  reiinoscopy.  After  the  determination  of  any 
increase  of  lens  power  for  reading,  the  visual  acuity  can  be  measured  at  the  reading  distance. 
However,  the  initially  essential  measurements  are  acuity  without  glasses  and  with  the  most 
current  prescription  for  distance  vision. 

t  Examination  for  Eye  Diseases 

In  a  general  eye  examination  this  phase  can  be  considered  as  being  a  screening  examina¬ 
tion  A  patient  having  a  suspected  disease  can  be  referred  for  a  specialized  ophthalmological 
examination.  This  examination  includes  observation  of  the  outer  eye  and  adnexia,  and  the  inner 
eve  and  fundus  by  both  ophthalmoscopy  and  slit  lamp-corneal  microscopy  Field  measurements 
with  a  tangent  screen  and  tonometry  follow. 


'  Oh/ei  me  Refraction 

Generally  an  objective  refraction— one  that  does  not  require  any  response  from  the 
patient  —  is  des  rable,  but  not  essential.  It  gives  the  examiner  confidence  in  the  patient's  subjec¬ 
tive  responses  and  provides  a  good  starting  point  for  that  examination  The  classic  method  for 
icjimplishing  the  objective  refraction  is  by  retinoscopy.  Newer  methods  include  automatic 
reiinoscopy  and  visual  evoked  potential  refraction  (Chap.  7). 

b  Suhiet  live  Refraction 

Subjective  refraction  consists  of  a  battery  of  tests  to  provide  the  combination  of  lenses  that 
gives  maximal  visual  acuity  without  activating  accommodation.  In  effect  this  procedure  defines 
refractive  error  No  other  test  has  maximum  psychophysical  visual  acuity  as  its  endpoint.  It  is 
'he  heart  of  the  whole  eye  examination.  It  provides  the  best  optical  prescription  that  most 
patients  seek  The  principle  is  to  determine  which  of  a  pair  of  lenses  provides  clearer  vision  and  a 
plus  or  convex  lens  bias  to  inhibit  accommodation.  It  is  complicated  by  the  determination  of 


the  power  and  axis  of  the  cylindrical  lens  to  correct  astigmatism  Frequently  included  in  the  sub¬ 
jective  examination  are  tests  to  determine  eye  motility  and  balance  (heterophoria  and  duction 
tests)  and,  most  important,  near  tests  to  determine  the  reading  prescription.  The  latter  consists  of 
the  distance  corrections  obtained  subjectively  plus  the  nearpoint  addition  or  add  similarly  obtained 
at  the  normal  reading  distance  (often  taken  as  40  cm) 

7.  Final  Decision  and  Prescription 

When  the  lack  of  adequate  visual  acuity  is  the  chief  complaint,  the  maximum  visual  acuity 
lens  finding  from  the  subjective  examination  is  generally  prescribed.  If  not,  an  attempt  is  made  to 
find  a  solution  to  the  chief  complaint  from  the  data  obtained. 

A  computer  system  can  be  applied  to  a  general  eye  examination  in  the  following  areas 
/.  Entrance  Interrogation 

These  personal  data  must  be  entered  into  the  computer  manually  through  a  terminal  (a 
teletypewriter  connected  to  a  computer),  unless  they  are  previously  encoded  (for  example,  on  a 
magnetic  strip  such  as  those  found  on  credit  cards). 

2.  Case  History 

A  computer  can  take  a  case  history  by  limiting  the  flexibility  of  communication.  The  sys¬ 
tem  should  be  designed  so  that  this  limitation  is  not  important  to  the  acquisition  of  the  required 
data.  This  goal  has  been  achieved  in  medicine,  including  specialized  case  histories  for  gynecology 
and  neurology.  A  general  eye-examination  case  history  is  different  only  in  that  the  questions 
refer  to  problems  of  vision.  Also,  it  may  be  wise  to  assume  that  the  patient  cannot  read  before 
obtaining  prescription  glasses.  For  this  reason  (among  others)  we  use  an  audio  format.  The 
questions  in  a  branching  program  are  presented  to  the  patient  over  a  loudspeaker.  A  response 
box  with  three  push  buttons  allows  the  patient  to  answer  the  computer  with  the  messages  ves.  no. 
or  doubtful.  A  doubtful  response  brings  a  repeat  of  the  question,  with  a  similar  response  standing 
for  don  't  understand,  or  don  ’t  know’ 

The  computer  case  history  is  discussed  in  detail  in  Chap.  4.  It  is  enough  to  state  at  this 
point  that  a  useful  case  history  for  an  eye  examination  can  be  obtained  by  a  computer  system 

J  The  Detection  and  Diagnosis  oj  Disease 

Ophthalmoscopy  could  be  automated  if  computer  pattern  recognition  were  of  the  same 
level  as  that  of  the  visual  system  Unfortunately,  machine  pattern  recognition  is  still  relatively 
primitive  and  it  does  not  seem  likely  that  it  will  approach  that  of  the  human  system  in  the  fore¬ 
seeable  luture  Ophthalmoscopy  seems  destined  to  remain  a  manual  (or  visual)  art  for  the 
present  Similarly  the  slit  lamp-corneal  microscope  has  the  same  pattern-recognition  require¬ 
ments  and  requires  perhaps  even  more  manual  manipulation  to  produce  the  desirable  images. 
Visual  tie’  '•  ,an  be  largely  automated,  although  the  current  costs  for  the  largest  systems  may 
need  to  be  reduved  for  routine  testing  Tonometry  can  be,  at  least  in  part,  automated.  Grolman's 
noncontavi  instrument  would  be  the  simplest  one  to  use  in  a  computerized  facility,  since  a 
minimum  of  manipulation  is  required  and  the  eye  is  not  touched.  However,  the  main  part  of 
screening  lor  disease  must  be  done  by  highly  trained  personnel. 

4  I  he  Ob/ective  Retraction 

In  ordinary  practice  the  objective  refraction  is  determined  by  retinoscopy,  a  method  that 
usually  takes  a  student  clinician  several  years  of  practice  to  learn  well  Three  automated  retino- 
scopes  are  currently  available  that  can  perform  essentially  the  same  task  without  a  skilled  opera¬ 
tor  These  devices  cost  about  $20000  each  Another  approach  is  the  use  of  visual  evoked  poten¬ 
tials  for  objective  refraction.  The  simplest  substitute  for  an  objective  refraction  is  the  prescription 
of  the  previous  distance  correction,  if  any.  Our  system  has  a  flow  chart  that  takes  the  visual  acu¬ 
ity  through  any  of  these  prescriptions  or  findings  available  and  chooses  as  the  objective-result 
value  the  one  through  which  the  patient  sees  the  best 


'  J  he  Subieciive  Refraction 

The  subjective  test  actually  is  not  a  single  one  but  consists  of  a  battery  of  separate  sub- 
iests  It  can  be  performed  by  computer  in  virtually  the  same  way  it  is  administered  by  a  clinician, 
vMih  one  important  modification  The  normally  unstructured  exchange  between  patient  and  clini- 
o.in  must  be  confined  to  that  provided  by  a  few  pushbuttons  for  the  patient  and  a  few 
prerecorded  messages  for  the  computer.  Because  of  this  limited  communication  between  patient 
end  computer,  the  usual  radial  line  or  sunburst  chart  is  modified  to  provide  a  three-  or 
•  ur  choice  series  of  gratings,  which  allow  the  finding  of  the  axis  of  astigmatism  within  5°. 

Cross-cylinder  tests  are  also  administered  as  pairs  of  lenses;  the  patient  is  asked  to  say 
which  of  a  pair  is  better,  lens  number  one  or  lens  number  two.  In  this  way  the  cylindrical  axis 
uni  power  for  correction  of  astigmatism  can  be  ascertained,  along  with  the  values  found  from  the 
radial  line  or  grating  charts. 

In  any  case,  a  complete  subjective  examination  can  be  administered  by  a  computer  system 
that  can  provide  a  prescription  yielding  maximum  visual  acuity. 

s  f  >i til  Decision  anil  Prescription 

This  is  the  human  part  of  the  system,  by  design  Even  if  it  were  possible  to  automate  it 
with  the  current  state  of  technology  it  would  be  wrong  to  attempt  to  do  so.  This  part  allows  the 
patient  to  make  any  views,  ideas,  or  feelings  known  verbally.  It  provides  a  means  of  human  con¬ 
trol  and  validation  of  both  automated  and  manual  procedures  up  to  this  point.  The  clinician 
reviews  the  patient's  printout  After  a  discussion  with  him,  the  doctor  makes  the  final  decision 
including  a  possible  prescription;  that  terminates  the  examination.  If  the  patient  needs  spectacles 
nr  anv  other  attention  he  is  referred  to  the  appropriate  specialist  and  place. 

The  introduction  and  principles  offered  here  are  not  a  substitute  for  a  more  profound 
knowledge  of  the  field  of  eye  examination  as  it  has  developed  in  the  past  century  or  so.  The 
reader  should  consult  Southhall  1936,  Lawrance  and  Wood  1936,  Emsley  1952  and  1953, 
Duke-Elder  and  Abrams  1970,  and  Borish  1970  for  general  texts  on  eye  examination  and  optics. 

The  Need  for  Automation  in  Eye  Examinations 

It  is  easy  for  one  immersed  in  its  development  to  assume  that  automation  is  the  wave  of 
ihe  future  and  need  not  be  justified.  Nevertheless  it  is  important  to  make  a  hard-headed  evalua¬ 
tion  or  analysis  to  be  sure  that  change  is  being  suggested  for  the  benefits  it  will  bring  rather  than 
representing  change  for  the  sake  of  change 

Perhaps  the  best  approach  is  to  put  automation  aside  for  the  moment  and  discuss  how  eye 
examinations  should  be  improved  without  regard  to  the  method.  Later  the  methods  of  automa¬ 
tion  by  which  these  goals  might  be  effected  can  be  considered. 

It  goes  without  saying  that  eye  examinations,  as  well  as  other  health-care  activities,  should 
be  improved  They  should  be  more  accurate  or  valid.  They  should  be  less  costly.  They  should 
detect  insidious,  irreversible  diseases  early,  in  order  to  arrest  them  before  significant  function  is 
lost  They  should  be  readily  accessible 

Greater  accuracy  or  validity  in  an  eye  examination  is  not  a  pressing  need  in  view  of  the 
generally  satisfactory  procedures  currently  available.  Basic  research  on  (he  function  of  the  visual 
system  will  no  doubt  lead  to  improvements  in  this  direction.  The  exception  to  adequate  examina¬ 
tion  procedures  lies  in  what  could  be  provided  for  the  infant  population.  Knowledge  as  to  the 
human  critical  or  sensitive  period  and  its  significance,  along  with  acuity  measurements  by  visual 
evoked  potential,  should  fill  the  theoretical  and  technological  gap  here.  However,  automation  per 
xe  will  be  of  little  help  except  to  reduce  the  time  it  takes  the  doctor  to  perform  the  examination. 
Initially  it  will  be  necessary  to  strive  to  keep  the  quality  of  the  automated  parts  of  the  examination 
up  to  the  best  of  current  manual  practice.  Early  attempts  have  shown  some  success,  as  may  be 
seen  towards  the  end  of  this  chapter. 

A  reduction  of  cost  has  been  the  impetus  for  automation  in  all  the  fields  it  has  come  to 
dominate  A  computer-controlled  traffic  light  is  less  expensive  than  a  policeman.  A  computerized 
billing  system  is  far  less  costly  than  the  bookkeepers  who  would  do  the  same  job  manually. 
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Probably  the  most  important  contribution  automation  can  make  to  eye  examinations  is  an 
economic  one  Later,  evidence  will  be  presented  to  show  how  an  automated  system  could  reduce 
the  cost  of  eye  examination  markedly.  It  has  been  the  general  experience  in  the  development  of 
automation  that  the  ratio  of  manual  to  automated  cost  continues  to  rise  The  principal  barriers  in 
automating  are  the  design  and  development  costs,  which  may  be  of  a  nature  and  magnitude  that 
do  not  make  it  clearly  profitable  for  early  private  commercial  development 

Automation  can  help  in  providing  better  eye  and  vision  care  Automation  comes  after 
procedures  are  known,  reasonably  understood,  codified,  and  reduced  to  flow  charts  and  algo¬ 
rithms.  It  must  be  based  on  rules  that  can  be  specified  in  a  flow  chart.  But  automation  is  not 
expected  to  make  new  discoveries,  although  computer  methods  can  readily  keep  and  calculate 
statistics  that  may  point  to  improved  testing  Research  and  development  are  not  the  major  thrust 
here.  Computers  bring  the  gift  of  perfect  memory,  incredible  speed,  indefatigability,  but  not  yet 
cerebration  in  its  best  human  sense.  At  present  machines  must  be  limited  to  do  what  can  be 
reduced  to  a  relatively  simple  set  of  rules. 

Access  to  eye  examinations  and  other  health-care  facilities  is  not  only  a  matter  of  physical 
access,  although  that  too  may  play  a  part.  Sometimes  economic  barriers  prevent  people  from 
obtaining  proper  care,  especially  when  there  is  no  obvious  need  or  symptom  It  takes  foresight  to 
seek  an  examination  for  the  possible  prevention  of  symptomless  diseases  that  lead  to  irreversible 
deleterious  effects.  There  are  also  cultural  barriers,  including  language  Access  can  be  increased 
by  reduced  cost  and  also  by  the  use  of  appropriate  languages  in  the  various  audio  memories  which 
provide  the  questions,  instructions,  and  commands.  The  printouts  for  the  doctor  remain,  of 
course,  in  his  language  regardless  of  the  one  used  for  the  patient 

Access  is  also  increased  by  having  an  eye  examination  facility  as  part  of  a  large  health 
center  or  hospital  outpatient  service,  fed  by  satellite  health  clinics  in  the  various  neighborhoods. 

Under  present  conditions  the  current  supply  of  eye  examinations  is  generally  assumed  to 
be  in  equilibrium  with  the  demand.  Of  course,  conditions  can  change  rapidly.  A  new  diagnostic 
method  or  cure  for  an  insidious  disease  could  shift  the  balance.  Or,  if  the  cultural  and  economic 
barriers  were  to  be  overcome,  the  demand  might  well  outpace  the  supply.  Further  specialization 
(for  example  through  new  developments  in  contact-lens  materials),  which  increases  that  demand, 
would  reduce  the  number  of  clinicians  for  general  eye  examinations  and  therefore  the  supply. 
New  developments  in  the  detection  of  disease,  geriatric  visual  care,  and  pediatric  visual  develop¬ 
mental  problems  not  accessible  to  automation  would  also  reduce  the  general  supply  The  increase 
of  professional  manpower  has  been  a  governmental  goal.  Federal  agencies  have  provided  subsi¬ 
dies  to  schools  of  optometry  for  some  years  without  striking  results.  For  example,  about  the 
same  number  of  optometrists  are  practicing  today  as  20  years  ago,  although  many  of  them  now 
are  much  better  trained.  During  the  same  period  the  number  of  board-certified  ophthalmologists 
has  perhaps  doubled.  It  is  not  clear  how  many  of  them  can  be  considered  as  numerical  replace¬ 
ments  for  the  reduction  in  the  number  of  eye  physicians  who  had  not  comparable  specialized 
training  (Hayes  and  Randall  1974).  The  general  trend  to  better  training  ideally  complements 
automation,  which  can  compensate  in  part  for  the  reduced  numbers  but  could  not  compensate  for 
any  reduced  quality  of  the  clinicians. 

A  general  eye  examination  includes  (1)  the  determination  of  visual  acuities  (with  the 
naked  eye,  and  with  old  spectacles  and  new),  (2)  screening  for  disease  (including  the  use  of  an 
ophthalmoscope,  tonometer,  and  tangent  screen,  and,  if  indicated,  corneal  microscope-slit  lamp), 
and  (3)  a  determination  of  the  refractive  status  of  the  eye  (a  subjective  eye  examination  and  if 
necessary  an  objective  one  also).  It  excludes  extensive  medical  diagnosis,  medical  treatment,  and 
surgery. 

There  are  no  direct  statistics  on  the  supply  or  demand  of  general  eye  examinations  in  the 
USA.  However,  figures  can  be  obtained  if  we  make  a  few  reasonable  assumptions.  It  is  known 
that  there  about  21  000  optometrists  and  9000  ophthalmologists.  They  include  those  who  do  not 
spend  most  of  their  time  performing  examinations.  Some  are  in  schools,  colleges,  and  universi¬ 
ties;  some  are  in  government  service,  including  public  health  and  the  armed  forces;  and  others 
have  gone  to  business  and  industry.  Among  the  ophthalmologists,  many  devote  a  good  part  of 


their  nme  to  specialized  eye  examinations  for  medical  therapy  and  surgery. 


It  can  be  assumed  that  95%  of  the  optometrists’ 
nations  and  60  to  75%  of  the  ophthalmologists' 

time  is  concerned  with  general 

eye  exami- 

Number  of 
practitioners 
(thousands) 

•  ill  21 

Direct  pane  u 
care  (90%) 
(thousands) 

18  9 

%  Time  eye- 
care  examination 
(thousands) 

95 

Full-time 

equivalents 

(thousands) 

1795 

Ml)  4 

8  1 

60-75 

.4  86 
’6  08 

I. Ml  30 

27  0 

22.81-24  03 

The  number  of  eye  examinations  performed  per  working  day  varies  from  about  5  to  20 
patients  It  is  noteworthy  that  optometrists  who  like  to  spend  as  much  as  an  hour  or  more  with 

each  patient  do  so  with  the  conviction  that  this  thoroughness  results  in  better  care.  They  feel  that 
examining  more  than  eight  or  so  patients  a  day  is  not  in  the  best  interest  of  their  patients.  The 
ophthalmologist  who  believes  that  the  essentials  of  an  examination  can  be  accomplished  in  15  or 
’il  minutes  sees  no  ethical  or  technical  problem  in  handling  20  patients  a  day  or  more.  (A 
well-known  Dutch  ophthalmology  professor  once  confessed  that  under  their  health  insurance 
"■heme  he  regularly  saw  80  patients  a  day,  which  he  did  not  consider  unreasonable!) 

It  is  assumed  that  a  working  year  has  200  working  days.  The  average  optometrist  provides 
5  9  examinations  per  day;  the  average  ophthalmologist,  17.8  (Hayes  and  Randall  1974). 
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We  can  take  as  a  round  number  a  supply  of  50  million  general  eye  examinations  per  year 

m  the  USA 

The  U  S  population  is  more  than  210  million,  which  gives  an  average  of  one  examination 
Imm  4  26  to  3  91  or  about  every  4  years.  The  figure  seems  reasonable.  Some  never  have  an 
examination  until  forced  to  have  one  by  presbyopia.  The  first  encounter  may  occur  in  an 
ill-illuminated  booth  with  a  telephone  directory  in  the  4th  to  5th  decade  of  life.  Others,  because 
ut  refractive  problems,  have  had  frequent  examinations  since  starting  school. 

If  it  were  assumed  that  everyone  should  have  an  annual  eye  examination  (equal  to  the  fre¬ 
quency  recommended  for  general  physical  examinations  and  half  that  recommended  for  dental 
examinations)  the  annual  number  of  examinations  demanded  would  be  more  than  four  times 
the  current  calculated  value  It  is  likely  that  the  present  capacity  for  examinations  could  be 
enlarged  to  some  extent.  Ophthalmologists  appear  to  be  working  on  general  eye  examinations  at 
capacity  (judging  from  the  weeks  to  months  delay  in  obtaining  an  appointment  for  this  service), 
hut  optometrists  by  and  large  do  not.  If  they  could  increase  their  capacity  by  about  20%  it  would 
mean  an  increase  of  21000  x  0.2,  which  comes  to  the  equivalent  of  4200  more  doctors  or  8.4 
million  more  examinations  per  year.  This  is  a  sizable  increase  over  the  50-million  supply,  but  not 
much  more  than  a  drop  in  the  bucket  towards  a  potential  210-million  demand.  Furthermore, 
increases  in  demand  that  take  up  the  last  reserve  slack  in  capacity  are  likely  in  any  free 
market  economy  to  push  up  prices. 


7 


It  appears  that  there  is  an  important  need  for  automation  in  general  eye  examinations  il 
we  are  not  to  have  the  demand  outstrip  the  supply.  To  build,  test,  and  prove  a  large-scale  system 
such  as  that  proposed  in  the  following  section  of  this  chapter  (Modular  Computer-assisted  Eye 
Examination  Facilities)  would  take  4-6  years.  To  build  and  distribute  such  systems  on  a  national 
scale  might  require  another  6-10  years.  In  order  to  prepare  for  conditions  in  10-16  years,  it  is 
necessary  to  start  planning  and  building  now. 

In  summary,  there  may  well  be  a  current  potential  demand  for  eye  examinations  that  goes 
unfulfilled  because  of  difficulties  of  access,  cost,  and  cultural  and  linguistic  barriers.  In  the  fore¬ 
seeable  future  the  highly  trained  personnel  required  for  eye  examinations  will  be  less  available  fot 
general  eye  examinations,  because  of  the  need  for  their  specialized  skill  in  directions  that  are 
likely  to  expand  and  cannot  be  automated.  These  directions  include  contact  lenses,  early  detec¬ 
tion  and  treatment  of  diseases,  and  the  eye  examination  and  treatment  of  infants  within  their  sen¬ 
sitive  period.  In  preparation  for  the  future  supply  of  adequate  numbers  of  eye  examinations,  a 
minimum  of  a  10-year  lag  must  be  reckoned  between  the  decision  to  increase  capacity  and  the 
time  of  achieving  it  on  a  national  scale. 

Modular  Computer-assisted  Eye  Examination  Facilities 

The  computer-assisted  eye  examination  facility  design  must  center  around  the  doctor  He 
is  in  complete  control.  The  floor  organization  and  equipment  are  there  only  to  allow  him  to  take 
care  of  his  patients  more  effectively  and  efficiently.  It  is  therefore  necessary  to  design  the  system 
around  him. 

One  of  the  complications  in  drawing  a  design  is  that  there  are  two  kinds  of  doctors,  the 
optometrist  and  the  ophthalmologist.  Each  tends  to  have  a  somewhat  disparate  outlook  on  the 
performance  of  essentially  the  same  clinical  task,  so  that  it  has  been  found  necessary  to  have  at 
least  two  different  designs.  As  long  as  these  differences  are  kept  dearly  in  mind,  it  is  not  a 
difficult  task  to  design  two  systems  that  will  make  the  different  operational  conditions  into  a  more 
effective  service. 

The  doctor-oriented  system  must  be  designed  to  provide  the  doctor  with  the  specific  flow 
rate  of  patients  that  meets  his  capacity  to  provide  the  final  judgment  and  prescription 
Optometrists  in  general  take  more  measurements  on  a  patient  than  do  ophthalmologists.  It  is 
beyond  the  scope  of  our  treatment  to  discuss  what  measurements  are  most  valuable  and  whether 
these  additional  data  are  necessary  or  even  desirable.  A  complete  manual  optometric  examination 
requires  a  period  of  approximately  one  hour  per  patient.  Some  optometrists  may 
spend  only  15  minutes  with  a  patient,  but  by  and  large  they  consider  this  a  minimum  time,  to  be 
done  only  under  conditions  that  are  somewhat  stressful,  such  as  in  working  directly  for  a  large 
health  plan  or  government  agency.  Calculating  the  actual  examination  time  is  not  simple 
because  the  hour  mentioned  may  well  include  a  frame  fitting,  choice  of  frame  styling,  and  the 
making  of  financial  arrangements.  The  ophthalmologist,  on  the  other  hand,  may  often  feel  that  a 
15-minute  examination  is  easily  adequate.  In  fact,  a  survey  of  some  ophthalmologists  who  use 
automated  retinoscopes  revealed  (Decker  1975)  that  they  reported  seeing  from  75  to  350 
patients  per  week!  For  a  5-day  week,  that  comes  to  a  maximum  of  70  patients  per  day.  There  is 
no  easy  way  to  determine  how  much  time  is  necessary  for  each  patient.  Perhaps  the  most  rational 
way  is  to  determine  the  time  required  to  provide  satisfaction  of  the  patient  with  his  visit 
and  his  spectacles,  if  any.  It  is  also  desirable  to  have  some  measure  of  visual  efficacy  with  the 
prescription.  These  criteria  are  very  difficult  since  it  is  not  clear  how  patient  satisfaction  or  visual 
efficacy  should  be  measured.  In  any  case,  currently  one  can  only  guess  (Scylla)  if  an  examination 
period  is  too  long  from  an  economic  point  of  view,  or  (Charybdis)  too  short  from  a  patient 
satisfaction  point  of  view.  The  degree  of  this  trade-off,  of  course,  may  also  depend  on  the  indivi¬ 
dual  patient. 

We  can  now  examine  two  floor  plans,  both  centered  on  the  doctor,  one  intended  for  the 
optometrist  and  the  other,  for  the  ophthalmologist.  To  provide  a  constant  flow  it  is  assumed  that 
with  computer  assistance  an  optometrist  would  be  able  and  willing  to  review  at  least  four  patients 
an  hour,  and  an  ophthalmologist,  ten  patients  an  hour. 


The  opiomeiric  plan  shown  in  Fig.  1-1  includes  as  its  basic  feature  four  refraction  rooms. 
•M  a  maximum  of  a  half-hour  per  refraction,  these  four  rooms  can  feed  to  the  doctor  four 
patients  an  hour,  one  every  15  minutes  The  rest  of  the  facility  is  built  upon  this  assumed 
tlow  The  patient  comes  into  the  waiting  area  where  he  is  entered  into  the  computer  file  by  the 
receptionist  at  the  reception  desk  He  is  then  taken  to  a  room  where  a  case-history  interview  is 
administered  There  are  three  such  rooms,  based  on  the  assumption  that  a  case  history  will  take 
no  more  than  50  minutes  It  costs  little  to  keep  one  room  in  reserve  since  additional 
case-history  rooms  require  very  little  equipment  as  long  as  the  computer  aspect  of  it  is  already 
available  on  a  timesharing  or  standby  basis.  After  the  case  history,  the  patient  is  taken  to  the 
room  where  his  visual  acuity  is  measured.  Next,  the  patient  is  ushered  into  the  pathology 
room,  where  a  technician  performs  visual  fields  and  perhaps  slit-lamp  microscopy  and 
ophthalmoscopy  examinations  Fifteen  minutes  should  be  adequate  time  for  these  tests.  Next, 
the  patient  is  given  an  objective  refraction,  either  with  an  automated  retinoscope  or  by  visual 
evoked  potentials;  and  after  that  an  automated  subjective  refraction  is  administered.  Upon  com¬ 
pletion  the  patient  is  ushered  into  the  doctor’s  room,  where  the  doctor  reviews  the  records  which 
are  rapidly  generated  on  a  fast  line  printer.  The  doctor  may  do  some  final  checking  and  he  may 
also  perform  an  ophthalmoscopic  examination  The  patient  is  then  released  to  go  to  the  optician 
and/or  business  office. 

An  analysis  of  the  computer  equipment  to  be  used  for  such  a  facility  was  made  by  Lee, 
Braswell,  and  Marg  (submitted  as  a  report  to  the  U  S.  Army  Medical  Research  and  Development 
Command,  1978)  This  plan  is  based  on  a  centralized  computer  facility  with  a  separate  computer 
room  The  advantage  of  having  separate  stations  for  the  case  history,  pathology  examination, 
acuity,  objective  refraction,  and  subjective  refraction  is  that  different  specialized  equipment  can  be 
kepi  in  different  rooms.  In  this  way  more  expensive  equipment  is  not  lying  idle  while  less  expen¬ 
sive  equipment  is  being  used  in  the  same  room.  A  contrasting  concept  is  the  decentralized  com¬ 
puter  facility  in  which  all  testing  for  any  patient  is  complete  in  any  room,  each  of  which  has  its 
own  microcomputer  facility  completely  independent  of  all  others. 

The  ophthalmological  model  floor  plan  has  six  identical  eye-examination  rooms  (Fig.  1-2). 
•Ml  (he  functions  with  any  one  patient,  including  the  consultation  with  the  doctor,  are  performed 
in  ihe  same  room  The  patient  is  seated  by  the  technician  and  the  initial  information  is  entered  at 
the  teletypewriter  terminal  into  the  flexible-disk  file.  The  clinician  then  takes  the  case  history  and 
visual  fields  He  may  also  perform  an  objective  refraction.  As  the  patient  has  completed  the 
automated  subjective  eye  examination  a  signal  light  appears  over  the  outside  door  of  the  room  to 
alert  the  doctor  that  the  patient  is  ready  for  the  final  consultation.  The  doctor  reviews  the 
patient's  printout  and  approves  the  prescription.  The  patient,  with  his  disk  file,  then  goes  to 
ophthalmic  dispensing  and/or  the  business  office  where  his  disk  file  is  taken  and  entered  into  a 
ventral  combined  disk  file.  His  disk  is  then  erased  and  released  for  another  patient.  There  are 
three  additional  rooms  solely  for  automatically  determining  the  case  history.  They  may  be  used  in 
addition  to  case  histories  being  administered  automatically  or  manually  in  the  eye-examination 
rooms  for  patients  who  are  slow  to  respond. 

Each  room  has  its  own  microcomputer,  which  includes  cathode-ray  display,  hard-copy 
printout,  and  a  dual  flexible  disk.  The  program  for  the  eye  examination  is  on  one  disk  and  the 
patient's  data  file  record  is  on  the  other.  It  is  possible  to  put  them  both  on  one  disk  and  use  the 
other  as  a  spare  All  the  computers  are  identical  and  interchangeable.  If  any  computer  is  out  of 
order,  it  is  a  simple  job  to  substitute  another  one  for  it.  Spare  computers  can  be  taken  from 
different  stations  such  as  that  of  the  program  analyst  or  the  case  history,  or  even  interchanged 
from  the  optician's  room  if  necessary. 

The  six  eye-examination  rooms  are  calculated  to  provide  a  flow  of  about  one  patient  every 
5  minutes,  or  approximately  ten  patients  per  hour.  This  number  is  based  on  the  assumption  that 
each  room  will  be  used  for  an  average  of  30  minutes  per  patient. 

By  these  semi-automated  methods,  and  with  the  use  of  technical  assistance,  it  can  be  seen 
that  in  principle  the  patient  flow  rate  can  be  at  least  doubled  from  current  practice.  If  the 
optometrist  formerly  took  an  hour  and  now  takes  15  minutes,  his  productivity  rate  is 
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quadrupled  If  the  ophthalmologist  formerly  took  15  minutes  and  now  takes  5.  his  rate  is  tripled 
These  are,  of  course,  only  estimates  The  final  data  will  depend  on  actual  clinical  trials 

The  second  model.  Fig  1-2,  is  probably  more  efficient  than  the  first  It  is  clearly  more 
immune  to  an  incapacitating  breakdown  It  could  also  be  used  for  optometrists  provided  the 
necessary  modifications  were  made  to  provide  the  desired  rate  of  patient  flow 

Economics 

It  has  seemed  self-evident,  and  even  more  so  since  the  advent  of  microcomputers,  th.c 
anything  a  computer  can  do  will  ultimately  cost  less  than  having  a  human  being  do  it  Over  the 
centuries,  man's  economic  standard  of  living  has  continued  to  rise  and  especially  so  since  the 
industrial  revolution  Machines  to  a  large  extent  have  made  the  difference  Computers  are  cam 
ing  this  development  even  further 

The  cost  of  computation  is  decreasing  at  a  rapid  rate  It  has  been  said  that  the  costs  arc 
halved  every  computer  generation  of  about  3  years.  This  trend  is  continuing  but  it  obviousU 
cannot  continue  indefinitely  Even  if  the  reduction  of  computation  costs  reaches  an  asymptote 
the  increase  in  human  costs  (real  income,  corrected  for  inflation)  in  recent  times  has  doubled 
about  every  20  years  (Gerard  1969)  Obviously,  if  they  have  not  done  so  already,  these  two 
curves  will  cross  some  time  in  the  future,  with  the  computer  showing  the  economic  advantage 
However,  one  mitigating  factor  must  be  taken  into  account  the  high  cost  of  specialized 
input-output  equipment.  Unless  it  can  be  massproduced.  which  is  not  likely  for  the  limited 
market,  or  at  least  computer  produced  (Cook  1975).  its  cost  will  increase  in  the  future  The 
large  development  costs  are  an  important  factor,  particularly  that  of  manual  programming  in  a 
low-level  language,  which  is  necessery  with  today's  relatively  inexpensive  computers  This 
choice  also  weds  one  to  a  particular  type  of  computer  It  does  nol  allow  free  changes  of  hardware 
to  take  advantage  of  the  new  and  increased  economies  and  flexibilities  possible  with 
newly  developed  models. 

It  can  be  deduced  that  if  it  were  not  for  the  large  development  costs  to  build,  program, 
and  debug  a  system,  computer-assisted  eye  examination  facilities  would  be  proliferating  today  for 
economic  reasons.  Corporations  lake  their  responsibility  to  their  stockholders  seriously  and  they 
cannot  reasonably  take  long  chances  on  a  system  that  is  not  clearly  going  to  give  a  good  return  for 
the  amount  of  investment  capital  risked.  Initial  financial  support  must  come  from  government, 
philanthropic  agencies,  or  from  the  eye  professions  themselves 

Aside  from  capital  investment  for  development,  the  crucial  economic  question  in 
computer-assisted  eye  examination  is,  how  much  of  the  doctor’s  time  (which  translates  into 
money)  does  the  computer  system  save?  It  is  of  course  assumed  that  the  quality  of  the  examina¬ 
tion  is  maintained  As  was  mentioned  in  a  previous  section  of  this  chapter,  optometrists  generally 
like  to  spend  1  hour  with  a  patient  whereas  ophthalmologists  often  feel  15  minutes  is  more  than 
adequate  These  figures  were  supported  in  a  study  by  Hayes  and  Randall  (1974)  which  showed 
that  optometrists  average  8.9  patients  a  day  whereas  ophthalmologists  see  17  8 

Since  part  of  the  eye  examination  is  automatable  and  other  parts  not.  a  study  to  determine 
how  much  time  the  optometrist  spends  performing  automatable  tasks  was  required  That  was 
done  with  a  stop  watch  (Marg  and  Ng  1972).  Optometrists  in  their  office  practice  were  timed  for 
each  part  of  their  examination  activity.  The  results  are  shown  in  Table  1-1 

According  to  this  division  of  activity,  the  optometrist  appears  to  require  only  10  minutes  to 
do  the  external  eye  examination,  ophthalmoscopy,  and  retinoscopy  (which  could  be  automated 
but  may  be  done  equally  quickly  manually  by  an  experienced  doctor)  including  5  minutes  for  the 
final  check,  prescription,  and  discussion.  On  this  basis  an  optometrist  could  see  up  to  6  patients 
an  hour  instead  of  about  one. 

Such  figures  can  be  deceptive  and  need  validation.  However,  if  they  are  only  half  correct, 
the  savings  would  still  be  substantial.  For  example,  if  we  take  a  remuneration  of  approximately 
S40000  a  year  for  an  experienced  optometrist  or  ophthalmologist,  increasing  his  output  six  times 
could  bring  a  value  of  S240000  a  year.  The  additional  $200000  can  more  than  support  a  com¬ 
puter  system  facility  once  the  development  costs  are  paid.  The  savings  could  go  toward 


TABLE  II  Delegation  of  activities  to  computer  and  human  assistants. 
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•Without  a  computer  system,  these  tasks  could  he  performed  by  human  assistants.  This  adds  up  to 
"  I  mmutes  tor  the  human  assistant  s  time  and  22.1  minutes  for  that  of  the  optometrist 

♦These  services  are  not  necessary  for  each  patient  (for  example  those  who  may  not  need  spectacles). 
I  his  t.utnr  would  reduce  the  total  time  from  72  2  to  46  4  minutes 

lower  lees  and  higher  salaries  Table  1-2  shows  an  estimated  cost  to  build  such  a  facility. 

For  comparison,  three  types  of  eye  examination  facilities  were  considered  (Table  1-3):  a 
single  ophthalmologist  with  a  manual  system,  one  optometrist  with  a  three-station  automated  sys¬ 
tem,  and  five  optometrists  working  under  manual  conditions. 

It  is  important  to  realise  that  these  are  cost  figures.  Because  the  ophthalmologist  works 
faster  his  cost  is  lower  in  comparison  with  the  optometrist  in  manual  systems,  $15  vs  $19. 
(Optometrists  would  argue  that  faster  examinations  are  less  thorough  and  do  not  provide  the  best 
quality  vision  care  1  However,  the  ophthalmologist  usually  charges  the  patient  more.  It  is  impor¬ 
tant  to  distinguish  between  the  cost  and  the  charge  The  cost  may  be  halved  but  the  charge 
depends  on  socio-economic  factors  that  may  not  be  based  in  terms  of  health  care. 

It  is  possible  that  the  cost  per  patient  could  be  reduced  significantly  with  such  a  system 
provided  there  is  a  reliably  high  rate  of  (low  Although  the  average  cost  to  a  patient  in  San  Fran¬ 
cisco  tor  such  an  eye  examination  today  (1977)  is  $30  for  an  optometrist  and  $40  for  an  ophthal¬ 
mologist.  the  actual  cost  tn  a  facility  under  public  support  appears  to  be  closer  to  $10  per  patient, 
thus  the  saving  would  be  of  the  order  of  half  of  this  amount,  or  about  $5  per  patient  based  on 
Jmic  costs  but  $25  to  $35  based  on  current  office  charges 

It  should  be  noted  that  this  transfer  of  activities  partly  to  the  computer  and  partly  to  the 
'evhmcian  is  well  justified  in  modern  technical  practice  In  fact,  in  all  efficient  fields  of  collective 
human  endeavor,  it  is  general  practice  to  delegate  as  much  as  possible  work  to  the  less  skilled, 
esv  talented,  and  less  educated,  provided  there  is  no  unacceptable  loss  of  the  quality  of  the  per- 
'"rmance  This  trend  reserves  for  the  more  skilled,  talented,  responsible,  or  more  educated  the 
more  difficult  tasks  In  the  ideal,  a  system  ts  developed  which  permits  each  individual  to  rise  to 
his  highest  level  of  competence  and  motivation  with  commensurate  rewards. 

The  distribution  of  tasks  among  people  and  machines  brings  to  mind  the  picture  of  the 
Hravr  V»  World  in  which  Aldous  Huxley  divided  the  work  according  to  the  kinds  of  people  that 


TABLE  1-2.  Equipment  and  capital  cost  for  six  stations  as  illustrated  in  Fig.  1  2 

Computer  systems  and  interfaces 
Line  printers 

Projectors,  random  access 
Refractors,  computer  actuated 
Recorders,  magnetic,  audio 
Tonometers,  AO  noncontact 
Ophthalmic  instruments,  including  slit  lamps 
Chairs  and  furniture 


$1400(11! 
A  I  ’ll 
I200O 
I0000O 
20  (Kin 
24IKKI 
29000 

10  TO 

$341  170 


Amortized  over  10  years  excluding  interest.  $34  117  per  year 


TABLE  1-3.  Example  of  cost  analysis  for  three  types  of  eye-examination  facilities  * 


Description  of  system 

Annual  expense 
per  unit 

System** 

A 

B 

C 

Equipment 

General  Ophthalmict 

$  500 

$  500 

$  500 

$  2  500 

Furniture  and  space 

500 

500 

1  000 

1  500 

Refractor  (manual)t 

500 

500 

1  000 

1  500 

Refractor  (automated)t 

5  700 

0 

17  100 

0 

tamortized  over  10  years 

Personnel 

Ophthalmologist 

40000 

40000 

0 

0 

Optometrist 

30000 

0 

30000 

150000 

Maintenance  for  automated  system 

666 

0 

2000 

0 

Receptionist 

10000 

10000 

10000 

10000 

Aide 

8000 

8000 

16000 

24  000 

Technician 

12000 

0 

12000 

0 

Annual  total 

$59  500 

$89600 

$189  500 

Assume  200  operating  days  per  year: 

Daily  total 

$300 

$450 

$950 

'Devised  by  Dr.  James  Millott. 

•‘System:  A.  1  ophthalmologist  with  manual  system:  (20  patients/day)— $1 5/patient 

B.  1  optometrist  with  3  automated  instruments:  (48  patients/day  I— $9/patient 

C.  5  optometrists  with  manual  system:  (50  patients/day)— $19/ patient 

inhabited  that  world.  At  the  top  were  the  Alphas  who  were  the  intellectuals;  then  the  subintellec¬ 
tual  Betas,  and  down  through  the  Gammas,  Deltas,  and  finally  the  Epsilons.  The  last  were  small, 
simian-like  semimorons  who  did  all  the  most  menial  work.  This  imaginative  picture  does  not 
seem  to  have  taken  into  account  the  machine  or  the  computer,  nor  has  it  taken  into  account  the 
political  philosophy  (one  man,  one  vote)  that  has  been  more  strongly  developing  over  the  decades 
since  the  book  was  published.  We  all  are,  or  believe  we  are.  Alphas.  The  work  of  the  Betas  is 
being  delegated  to  the  computer  and  so  on  down  the  grading  to  the  Epsilons,  whose  work  has 
been  given  to  machines.  The  Alphas  of  today  are  those  who  in  the  broadest  sense  control  the 
computers  and  the  machines.  Even  if  Huxley's  scheme  were  not  an  economic  catastrophe  it 
would  require,  as  he  himself  made  clear,  authoritarian  control,  as  well  as  a  degree  of  docility  that 
is  not  characteristic  of  our  society. 

As  stated  earlier,  the  future  of  computer-assisted  eye  examination  rests  squarely  on  its 
economics.  However,  history  teaches  us  that  it  is  difficult  to  predict  the  path  of  the  adoption  and 
use  of  new  technology.  For  example,  right  after  World  War  II  the  experts  expected  a  private 
flying  boom.  Predictions  were  made  that  Model  T  airplanes  would  fill  the  air  and  we  were  told 
that  we  should  not  build  bridges  and  freeways  but  small  airports.  These  predictions  did  not 
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luresee  the  expansion  of  commercial  air  traffic,  nor  anticipate  that  jet  planes  could  lead  to  mass 
transportation  by  air  in  place  of  large  surface  vessels  ( Drucker  1973).  Another  example  is  found 
m  the  computer  which  was  born  as  a  major  scientific  and  technological  revolution  Its  main  use 
initially  was  in  science  and  warfare,  not  in  business  and  government.  Market  research  at  that 
time  concluded  that  1000  computers  would  be  needed  by  the  year  2000.  Now,  only  a  quartet  of  a 
century  later,  there  are  more  than  150  000  computers  in  the  world  (before  the  microprocessor 
resolution!,  most  of  them  doing  mundane  bookkeeping  work.  The  most  successful  prophet  of 
technology,  Jules  Verne,  predicted  much  of  20th  century  technical  progress.  Few  scientists  took 
him  seriously  at  that  time.  But  as  prescient  as  he  was,  he  anticipated  no  social  change,  but  based 
his  extraordinary  visions  upon  an  unchanged  Victorian  society  and  economy. 

If  specific  technological  prediction  is  difficult,  it  can  be  stated  with  confidence  that  technol- 
og>  generally  continues  to  improve  as  does  our  ability  to  use  it  to  solve  our  problems.  What  are 
the  possibilities  of  improving  the  computer-assisted  eye  examination  in  the  future?  The  future 
may  be  divided  into  the  near  and  distant,  the  near  future  presenting  possibilities  that  can  be 
achieved  now  at  a  reasonable  cost  of  reproduction  with  the  necessary  application  of  time  and 
resources  The  far  future  often  becomes  visionary  without  the  kinds  of  limits  which  prevent 
excursions  into  science  fiction.  To  avoid  the  classical  errors  of  the  visionary,  it  is  necessary  not  to 
look  beyond  the  horizon 

The  computer  is  being  made  more  reliable  and  flexible  by  the  elimination  of  certain  com¬ 
ponents  that  are  mechanically  controlled  and  activated  These  changes  include  conversion  of  the 
cartridge  tape  recorders  to  speech  converters  A  new  chip  produced  by  Harris  Semiconductor  does 
this  function  with  continuously  variable  slope  delta  modulation.  It  requires  16  kilobits  per  second 
of  speech  memory  and  gives  telephone  quality  speech  without  moving  parts.  As  the  cost  of  solid- 
state  read-only  memory  is  reduced,  longer  messages  will  be  more  economically  feasible. 

The  random-access  slide  projector  can  also  be  replaced  by  television  or  other  display  tech¬ 
niques.  without  moving  parts.  Such  schemes  are  currently  being  designed  and  constructed. 

Newly  developed  flexible  disks  would  provide  faster  access  to  data  than  the  digital  mag¬ 
netic  tapes  currently  in  use  It  is  not  only  the  cost  of  the  new  equipment,  but  also  the  reprogram¬ 
ming  costs  that  must  be  overcome  for  a  changeover. 

Microprocessors  are  obviously  the  wave  of  the  future,  although  our  extensive  investment 
m  programming  the  present  project  confines  us  to  the  PDP-8/E  hardware  configuration.  An 
integrated-circuit  chip  compatible  with  these  programs,  the  Intersil  IM  6100,  is  being  adopted, 
other  microprocessors  are  being  used  to  replace  the  hardwire  organization  of  the  computer  refrac- 
Mr  interface  Although  there  are  no  moving  parts  to  replace  here,  microprocessors  provide  a 
reduction  in  the  number  of  chips  needed  and  lower  power  requirements,  and  give  greater  flexibil- 
itc  in  the  organization  of  the  system 

Aside  from  maximizing  reliability,  probably  the  greatest  amount  of  effort  should  be  made 
in  the  opiometnc  flow  charts  These  routines  were  devised  by  clinicians  from  a  clinical  point  of 
ciew  It  might  be  desirable  to  put  some  of  the  assumptions  made  in  the  initial  design  of  the  parts 
'il  these  tests  to  a  more  scientific  rather  than  overall  clinical  validation.  This  might  be  a  long  and 
difficult  project,  but  important  in  considering  the  future  without  limitations  of  lime. 

Computer-assisted  eye  examination  is  here.  There  is  much  to  be  done  to  improve  it  and 
propagate  it  Refractor  III  system  is  a  smart  instrument  that  can  provide  a  useful  prescription 
lor  most  clinical  patients  Our  calculations  indicate  that  it  will  be  an  economically  viable  instru¬ 
ment  in  a  clinical  setting  with  the  proper  flow  of  patients.  Although  it  is  smart  for  an  instrument, 

■  is  certainly  not  as  clever  as  a  good  clinician  When  it  is  under  the  control  of  and  used  as  an  aid 
hv  well-qualified  clinicians,  the  final  quality  of  the  system’s  work  is  high. 

Some  colleagues  appear  concerned  that  computers  may  displace  them.  The  history  of 
nmputer  applications  does  not  give  much  support  to  this  fear.  A  system  should  reduce  costs  and 
increase  the  access  of  eye  examinations  If  employed  rapidly  on  a  large  scale,  computer  assistance 
might  cause  some  dislocations  in  the  eye-examining  professions.  In  the  longer  run  there  is  a  large 
underserved  population  to  which  the  released  talent  could  be  applied.  The  most  neglected  popula- 
uon  is  comprised  of  young  infants  Infants  generally  are  not  routinely  examined  and  the  newly 
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available  techniques  of  determining  their  eye  conditions  in  order  to  prevent  amblyopia 
and  perhaps  squint  are  not  being  exploited  (Marg  et  al  1976)  These  kinds  of  examinations  an. 
not  completely  automatable  The  released  professional  manpower  that  would  come  ol  general 
automation  could  serve  here 

In  their  brief  history  of  some  twenty-five  years,  computers  have  in  general  not  replaced, 
but  have  tended  to  displace  people  to  other  kinds  of  nonautomatable  jobs  Certainly  a  strong 
need  will  remain  for  the  optometrist  and  the  physician  in  the  foreseeable  future  But  the  more  we 
can  help  by  relieving  them  of  some  of  the  more  routine  and  rote  load,  the  more  economical  will 
be  the  system  and  the  better  both  optometrists  and  physicians  will  be  utilized  for  the  health  ol  us 
all. 
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Chapter  2 

AN  HISTORIC  AL  REVIEW  OF  OPTOMETRIC 
PRINC  IPLES  AND  TECHNIQUES 
Arthur  G.  Bennett 

\l  II  R  III!  Kl  SI  \K(  HI  S  til  Rosen  and  earlier  writers  into  all  the  available  evidence,  there 
'cents  little  doubt  that  spectacles  first  appeared  around  the  year  1280,  in  Italy.  At  that  time  little 
s  is  Known  about  the  properties  of  lenses  and  even  less  about  the  workings  of  the  eye.  For  the 
iiowmi!  Wilt  tears  or  so.  sell -selection  from  a  range  of  ready-made  spectacles  remained  the  ortly 
.:vnvr.ilk  available  method  of  procurement 

I  he  aim  ol  this  chapter  is  to  give  a  broad  picture  of  the  development  of  refractive  teeh- 
■ 1 1 u ucs  lor  this  purpose,  the  term  refraction'  is  taken  to  mean  the  assessment  of  visual  acuity 
md  mictropia  hv  science-based  methods  The  main  paths  of  progress  in  this  field  are  flanked 
with  numerous  hvways  which  offer  fascinating  exploration  to  those  with  an  historical  bent. 
Kc,  a  use  n|  space  limitations,  emphasis  has  been  placed  on  the  earlier  and  the  lesser-known  contri- 
■'i, 'ions  io  this  suhiect.  particularly  when  they  are  ol  special  inherent  interest.  In  general,  the  sur- 

■  w  lias  also  been  limited  to  the  aspects  and  methods  of  refraction  which,  without  too  much  effort 
i  imagination,  can  be  considered  relevant  to  the  evolution  of  computerized  optometry. 

Mask  ( .comet  rival  Optics 

li  was  not  until  the  l7ib  century  lhal  Ihe  foundations  of  geometrical  optics  were  laid.  The 

■  's'  great  contribution  during  this  epoch  was  made  by  Johannes  Kepler  (1571-1630).  In  his  short 
•V  'cm.irkuhle  treatise  Umpirin',  published  in  161  1.  the  main  properties  of  lenses  and  optical  sys- 

.'iis  arc  expounded  on  the  basis  ol  what  we  would  now  term  the  paraxial  law  of  refraction. 
Kepler  well  understood  Ihe  limitations  of  this  approximation  and  sought  in  vain  to  deduce  the 
■  ie  relationship  between  Ihe  angles  of  incidence  and  deviation  Though  this  result  eluded  him. 

.  nevertheless  arrived  -it  -in  expression  giving  only  very  small  errors,  even  at  large  angles  of 

•  .  iderice 

It  is  to  Willebrord  Snell  (15X0-1626)  that  the  discovery  of  the  true  law  of  refraction  is  gen- 
-  ilk  credited  Ihe  first  treatise  on  optics  to  be  published  after  this  event  and  to  profit  by  it  was 
/  ,  />  npir  qm  tlh.37)  pc  Rene  Descartes  (1596-1650),  the  French  mathematician  and  philosopher. 
Descartes  was  particulark  interested  in  aspherical  surfaces  as  a  means  of  correcting  spherical  aber- 

•  tin >n  I  nlortunatelv.  this  is  a  tieid  in  which  mathematics  rapidly  outpaces  technology. 

Although  it  was  easily  within -his  powers,  had  he  chosen  to  tackle  the  problem,  Kepler  did 
■i"t  "htam  a  general  expression  for  the  paraxial  focal  length  of  a  thin  lens  in  terms  of  its  radii  of 
tirv.iture  (  redo  for  this  important  step  forward  must  be  given  to  the  Italian  mathematician 
Honaveniura  f  av alien  (I59X-I647)  In  his  Exrraiationes  geomeirtcae  vox.*  published  in  1647 

'Despite  ippcaranecs,  an  accurate  I  ngltsh  version  of  this  lillc  would  be  ’Six  Dissertations  on 


shortly  before  his  death.  Cavalieri  established  a  general  formula  but  Us  validity  rests  on  the 
assumption  that  the  refractive  index  of  the  lens  material  is  I  5  In  fact,  what  he  did  was  to  geo 
eralize  Kepler's  treatment  of  refraction  by  a  lens  on  the  basis  of  the  approximate  law  ol  re! tax 
tion  News  of  the  discovery  of  the  true  law  does  not  appear  to  have  reached  him  In  the  absent', 
of  a  sign  convention — a  concept  as  yet  unknown  in  geometrical  optics  Cavalieri  was  obliged  n 
restate  his  general  expression  in  the  form  of  rules  for  various  spherical  lens  forms 

The  task  of  applying  the  true  law  of  refraction  to  the  construction  of  a  mathemattc.r 
theory  of  geometrical  optics  was  undertaken  independently  by  two  contemporaries  of  an  ennreb 
different  stamp,  Isaac  Barrow  (1630-1677)  and  Christiaan  Huygens  (1629-1695)  Barrow,  one  n! 
Newton's  mentors  at  Trinity  College  in  Cambridge,  was  above  all  a  geometer  of  genius  bui  wa- 
also  a  classical  scholar  and  student  of  divinity,  for  which  he  abandoned  his  chair  as  the  first  Tuni¬ 
sian  Professor  of  Mathematics  in  favor  of  his  former  pupil.  Newton  Although  Barrow's  Leamn, 
XVIII  opncorum  phaenomenon,  published  in  1669,  is  a  work  of  the  greatest  historical  importance 
and  interest,  the  lack  of  an  English  translation  has  doomed  it  to  undeserved  neglect  * 

Unlike  Barrow,  whose  interest  in  optics  was  purely  intellectual,  Huygens  was  endowed 
with  surpassing  practical  and  experimental  skill  in  addition  to  his  other  exceptional  powers  He 
seems  to  have  begun  his  studies  in  geometrical  optics  somewhat  earlier  in  life  than  Barrow,  whose 
first  university  chair  was  in  Greek 

It  was  Huygens’s  original  intention  to  publish  the  results  of  these  earlier  researches  in 
1653,  by  which  time  he  had  already  covered  an  important  part  of  the  field  However,  this  and 
later  plans  for  publication  were  shelved  for  various  reasons.  Instead,  the  scope  of  the  work  was 
expanded  to  form  a  treatise  in  three  parts,  generally  known  by  its  French  title.  La  Dioptnque: 
unfortunately  it  did  not  appear  in  print  until  1703,  several  years  after  Huygens's  death. 

Questions  of  priority  as  between  Huygens  and  Barrow  are  quite  inappropriate  Barrow's 
Lectiones  Will  first  gave  to  the  world  expressions  Tor  conjugate  foci  relationships  for  plane  and 
curved  surfaces,  both  at  normal  and  oblique  incidence  (in  the  tangential  plane).  It  also  contained 
some  beautiful  graphical  constructions,  two  of  which  lead  directly  to  the  aplanatic  points  of  a 
spherical  refracting  surface.  Barrow  also  anticipated  Airy  and  Petzval  in  his  investigations  of 
image  curvature.  Some  of  his  results  had  already  been  obtained,  though  not  published,  by 
Huygens,  who  used  a  different  approach.  A  comparison  of  their  methods  makes  a  fascinating 
study  for  the  specialist  in  geometrical  optics. 

In  the  fourteenth  of  his  Lectiones  XVIII.  Barrow  gave  the  following  construction  for  a  spec¬ 
tacle  lens  to  aid  a  myope.  It  is  worthy  of  reproduction  here  because  it  is  the  first  published  pro¬ 
cedure  for  making  a  spectacle  lens  on  a  demonstrably  sound  optical  basis. 

Figure  2-1  is  essentially  the  same  as  Barrow’s  Fig  163,  with  the  same  lettering,  but 
reversed  right  to  left.  The  lens  is  to  be  designed  for  a  myope  who  cannot  see  clearly  beyond  the 
point  Z  but  who  wishes  to  see  clearly  the  point  A  at  a  specified  distance.  The  refractive  indices  of 
the  lens  material  and  air  are  assumed  to  be  in  the  ratio  of  5  to  3  (i.e.,  n  -  I  667).  First,  the  posi¬ 
tions  of  the  vertices  B  and  D  are  located  on  the  optical  axis  so  as  to  give  a  suitable  lens  thickness 
and  lens-eye  separation.  Next,  the  axial  point  C'is  located  from  the  formula 

CB  -  2AB  x  ZBK5AB  -  3ZB) 

The  point  C  is  the  center  of  curvature  of  the  first  (concave)  surface  of  the  required  lens, 
and  Z  is  the  center  of  curvature  of  the  second  (convex)  surface.  The  work  of  forming  an  image 
of  A  at  Z  is  thus  performed  by  the  first  surface  only.  For  the  second  refraction,  the  image 
remains  in  the  same  plane,  at  the  center  of  curvature  of  the  surface 

The  result  of  this  construction  is  a  meniscus  lens  which  we  should  now  regard  as  the 
wrong  way  around.  Nevertheless,  as  Barrow  pointed  out,  under  certain  conditions  it  is  aplanatic. 
that  is  to  say,  free  from  spherical  aberration  with  respect  to  the  conjugate  points  A  and  Z  All  the 
rays  diverging  from  A  would  then,  after  refraction,  appear  to  emanate  from  Z. 


Happily,  there  is  some  prospect  that  a  reliable  English  translation,  already  in  existence,  may  be  soon 
published  in  England 
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I  It  i  ’  I  Im.h.  Burro»\  construction  l  1669)  for  a  lens  to  enable  a  myope  with  his  far  point  at  /  to  sec  clearly 
■  i 

If  we  simply  denote  the  refractive  index  of  the  lens  material  by  n,  the  object  distance  AB 
hi  and  the  image  distance  ZB  by  I',  Barrow’s  expression  assumes  the  generalized  form 
CB  =  («-  I)  ABx  ZB/Unx  AB)  -  ZB\ 

a 

r  «  in  -  !)///(«/-  /’) 

I  his  latter  expression,  in  turn,  is  simply  the  familiar 

/)’  n_  _  ii  -  n 
I'  ~  I  r 

ipplied  to  refraction  at  an  air  to  glass  surface. 

A  similar  construction  was  given  for  a  lens  to  enable  a  presbyope  to  see  clearly  at  a 
specified  shorter  distance  than  his  near  point 

Huygens,  too,  gave  rules  for  dealing  with  these  visual  situations  but  his  approach  was 
quite  different,  u  was  based  on  determining  the  necessary  radius  of  curvature  for  a  flat  lens  of 
swnmelfical  form.  He  was  well  i  vare  that  the  radius  of  curvature  of  such  a  lens  is  equal  to  its 
>in..il  length  if  the  refractive  index  of  the  material  is  1.5.  He  also  pointed  out  that  a  lens  of  any 
"ther  lorm  could  be  used,  provided  it  had  the  same  focal  length. 

Ihe  introduction  of  a  sign  convention  was  a  notable  step  forward  in  geometrical  optics.  In 
'he  words  of  its  originator  "The  excellence  of  the  modern  geometry  is  in  nothing  more  evident. 

'  ,ui  in  those  full  and  adequate  solutions  it  gives  to  problems;  representing  all  the  possible  cases 
i'  .me  siew  Of  this  I  now  design  to  give  an  instance  in  the  doctrine  of  dioptrics.”  These  lines 
were  written  by  Edmund  Halley  (1656-1742),  the  English  astronomer  (after  whom  ‘Halley's 
..met'  is  named)  in  the  opening  paragraph  of  a  Royal  Society  paper  published  in  1690  In  this 
paper.  Halley  deduced  a  general  expression  for  refraction  by  a  thick  lens,  the  object  distance  being 
measured  from  the  first  surface  and  the  image  distance  from  the  second  Halley's  sign  conven- 
hi.n  lor  object  and  image  distances  corresponds  to  the  'real  is  positive'  system  Radii  of  curvature 
were  taken  as  positive  for  convex  surfaces  and  negative  for  concave  surfaces 

The  first  major  work  on  geometrical  optics  to  employ  a  sign  convention  was  written  by  i 
i  W  Herschel  (  1792-1871),  another  eminent  astronomer,  in  1827  It  is  particularly  noteworthy 
that  the  sign  convention  he  devised  is  that  which  has  ultimately  gained  almost  universal  acccp- 
'ance  in  the  world  of  optometry  and  optometric  education  Further  reference  to  Herschel's  work 
will  he  made  in  a  later  section  of  this  chapter 
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Physiological  Optics 

By  (he  end  of  the  1 7th  century  the  foundations  of  geometrical  optics  had  been  firmly  laid 
So.  in  the  main,  had  those  of'  physiological  optics,  lor  which  Kepler.  Schemer,  and  Huygens  were 
largely  responsible. 

Kepler’s  Dioplmv  contains  a  number  of  propositions  relating  to  the  eye  and  vision,  but  Ills 
main  contribution  in  this  field  is  embodied  in  an  earlier  treatise,  the  Ad  I  ilellnmem  paraltpnmcm 
published  m  1604.  In  this  work,  Kepler  showed  an  astonishing  grasp  of  ocular  anatomy  and  nl 
the  basic  visual  processes.  Unlike  his  most  distinguished  predecessors,  he  rccogm/ed  the  retina 
as  a  sensory  network  and  as  the  intended  location  of  the  optical  image,  which  he  also  knew  to  he 
inverted. 

In  1619  C  hristoph  Scheiner  (1573-1650).  an  influential  member  of  the  Jesuit  order,  pub 
lished  Oeulus.  hoc  os':  fimdamemum  opttnim.  which  is  regarded  as  the  first  formal  treatise  on  phy¬ 
siological  optics.  Among  Schemer's  many  gilts  were  acute  powers  of  observation  and  great  exper¬ 
imental  skill.  For  example,  to  test  the  truth  of  Kepler's  assertion  that  the  retinal  image  is 
inverted,  he  cut  away  part  of  the  tissue  of  various  eyes  so  that  the  retinal  image  could  he  clearly 
seen  from  a  back  view.  Unfortunately.  Schemer's  treatise  docs  not  appear  to  have  been 
translated  in  full  into  any  living  language.  As  a  result  he  has  suffered  a  fate  similar  lo 
Barrow’s  — the  scope  and  magnitude  of  his  achievements  are  generally  unappreciated.  Neverthe¬ 
less,  his  name  has  been  perpetuated  by  one  of  his  inventions,  the  well-known  Schemer  disk,  in 
which  two  narrowly  separated  pinholes  or  slits,  placed  in  front  of  the  pupil,  cause  a  doubling  ol 
the  retinal  image  when  it  is  out  of  focus. 

Huygens's  greatest  contribution  to  physiological  optics  was  in  ocular  dioptrics.  In  the  ear¬ 
lier  part  of  his  Dioptriqne,  written  by  the  year  1653.  he  described  what  we  should  now  term  a 
‘reduced  eye,'  thus  anticipating  Listing  by  nearly  200  years.  In  fact.  Huygens's  was  a  more 
sophisticated  optical  design.  He  assigned  to  it  a  refractive  index  of  4/3,  the  overall  length  being 
four  times  the  radius  of  curvature  of  the  single  refracting  surface.  The  eye  was  hence  emmetro¬ 
pic.  Further,  by  making  the  refracting  surface  concentric  with  the  retina  and  placing  the  pupil  at 
this  common  center  of  curvature.  Huygens  so  arranged  matters  that  narrow  parallel  pencils  enter¬ 
ing  the  eye  from  any  direction  would  be  accurately  focused  on  the  curved  retina 

Huygens  also  gave  a  cross-sectional  diagram  of  a  schematic  eye.  the  only  fault  in  which  is 
that  the  cornea  was  given  the  profile  of  a  strong  converging  meniscus  lens  Several  years  later,  in 
what  became  the  second  Complement  to  his  Dioptrique.  Huygens  gave  a  more  accurate  diagram 
with  a  list  of  dimensions,  based  on  the  dissection  of  a  human  eye  performed  in  his  presence  In 
this  addendum  Huygens  makes  many  acute  comments  on  the  structure  of  the  eye.  which  he  held 
to  be  the  Supreme  Author's  most  marvelous  creation  He  concludes  with  a  brief  discussion  nl 
binocular  vision,  the  theory  of  corresponding  points,  and  physiological  diplopia 

There  were  many  others,  of  course,  who  contributed  to  the  growth  of  knowledge  and 
understanding  of  visual  science  at  this  period,  for  example  the  French  Jesuit  Claude  Dechales 
(1621-1678).  In  1674  he  published  a  work  in  four  large  volumes,  his  Cursus  sen  mitmlns 
maihemalicus.  which  is  an  astonishing  compendium  of  scientific  knowledge,  embracing  mathemat¬ 
ics,  astronomy,  physics,  civil  and  military  architecture,  perspective,  navigation,  music,  pyrotech¬ 
nics,  and  other  subjects.  Donders  expressed  particular  admiration  for  Dechales's  discussion  of 
myopia,  based  on  his  own  observations  and  experiences  as  a  myope  Fven  without  a  knowledge 
of  Latin,  a  fair  idea  of  Dechales’s  work  can  be  gleaned  from  the  numerous  diagrams,  one  of 
which  is  reproduced  here  as  Fig.  2-2.  It  illustrates  the  action  of  a  small  aperture  in  reducing  the 
size  of  the  retinal  blur  circles  of  an  out-of-focus  image. 

Despite  the  great  progress  made  during  the  17th  century,  some  important  sectors  remained 
in  obscurity.  Ametropia  was  conceived  as  being  of  only  two  varieties,  myopia  and  presbyopia, 
caused  by  an  excess  or  deficiency  in  the  power  of  the  crystalline  lens.  The  role  of  the  cornea  as  a 
strong  converging  element  was  not  generally  understood.  As  late  as  the  turn  of  the  century,  by 
which  time  their  authors  should  have  known  better,  the  diagrams  in  a  number  of  practical 
treatises  showed  parallel  pencils  of  rays  passing  undeviated  through  the  cornea,  as  though  it  were 
a  plane  surface. 


i  l(  i  .  .'  ilcchales  '  illusir.tlinn  <l('74)  ot  I  he  reduction  in  ihe  size  ol  retin.il  blur  circles  when  a  pinhole  t  is 
Is  i.ol  m  Iron!  ol  the  pupil 

\lthough  Descartes  had  correctly  ascribed  accommodation  to  a  change  in  the  curvature  of' 
the  crystalline  lens,  illustrating  this  explanation  with  a  beautiful  diagram,  this  theory  was  not 
universally  accepted  Huygens  originally  subscribed  to  it.  though  he  believed  that  a  forward  shift 
ol  ihe  lens  was  possibly  an  auxiliary  mechanism  Indeed,  later  in  life  he  inclined  to  the  view  that 
his  l  itter  explanation  was  sufficient  on  its  own  On  the  data  then  available,  no  firm  conclusion 
sonlil  be  reached  Ihe  issue  was  finally  settled  in  the  1790s  by  the  classic  experiments  of  Thomas 
>  oung 

Ihe  distinction  between  presbyopia  (as  we  now  use  the  term)  and  hypermetropia  proved 
litK ult  io  grasp  and  remained  in  obscurity  for  a  very  long  period  of  time.  It  was  Frans  Cornelis 
ITinders  (ISIS -18X91,  aptly  called  "the  father  of  modern  refraction,”  who  finally  dispelled  the 
,'iriiuMon  in  his  classic  work  ■Uiiiinmmlatinn  and  Refraction  of  the  Eye.  first  published  in  1864  in 
m  I  nglish  translation 

\ssessmenl  of  \  isual  Acuity 

\  isual  acuity  is  a  complex  attribute  in  which  the  eye’s  resolving  power  plays  a  major  but 
m  i  an  exclusive  role  Depending  on  the  nature  of  the  test  object,  other  perceptual  factors  may  be 
sri  night  into  play  Scientific  assessment  of  visual  acuity  therefore  demands  standardized  test 
’bio.iv  procedures,  and  viewing  conditions  (illumination,  contrast,  etc  ),  as  well  as  a  rational 
nutation  lor  recording  il 

Ihe  most  notable  of  the  earlier  experimenters  in  this  field  was  doubtless  Johann  Tobias 
M.iver  1 1  ■’2,1- 1 762 ).  a  professor  of  mathematics  at  Gottingen  and  a  renowned  astronomer  His 
mientahly  early  death  is  aitnbutcd  to  continual  overwork  In  addition  to  gratings  of  two  different 
citterns,  one  of  the  test  objects  Mayer  used  was  a  grid  of  horizontal  and  vertical  lines.  Another 
v  i>  ihe  now  lamihar  checkerboard  pattern,  recently  discovered  to  be  a  most  suitable  test  object 
’  a  procedures  based  on  visually  evoked  potentials 

Maver  determined  the  minimum  scparahile  for  all  four  of  these  test  objects,  placing  a  candle 
i'  different  distances  so  as  to  vary  the  illumination  By  this  means  he  was  able  to  compile  a  table 
'Cowing  the  minimum  wparahde  (which  he  denoted  by  ,V  in  seconds  of  arc)  for  each  test  object  at 
.  irimjs  levels  of  illumination  He  then  devised  a  general  expression  for  each  test  object,  relating 
he  value  of  V  to  the  distance  of  the  candle  from  the  chart  It  was  a  remarkable  pioneer  effort. 

for  clinical  use,  the  chief  requirements  of  a  subjective  lest  of  visual  acuity  are  that  it 
'hould  be  simple  to  operate  and  readily  understood  by  the  subject.  On  these  grounds  the  appeal 
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„l  letters  as  test  objects  is  easily  understandable.  They  require  no  explanation  and  are  coinn,  . 
to  the  subject  Ihe  use  of  letters  in  a  sequence  ol  si/es  seems  to  have  originated  with  Heim 
Ktichler  (1811- 1873)  In  184.1  he  produced  a  set  ol  three  reading  charts,  all  ol  (he  same  h  i 
design  lach  one  comprised  12  numbered  lines  ol  type  in  the  traditional  Gothic  script  - 
employed  by  German  printers  l  ach  line  consisted  ol  a  single  word  in  lower-case  type  except  t 
the  initial  capital  letter  The  largest  size  was  at  the  top.  the  individual  words  contained  mole  r  l 
more  letters  as  the  si/e  decreased,  in  a  somewhat  irregular  progression  Kuchler's  chan  met  w  l 
little  success,  probably  because  the  smallest  line  ol  type  was  still  much  too  large  to  provide  a  a 
cal  test  of  v  isual  acuity. 

l-leven  years  later,  Eduard  von  Jaeger  (1818-1884),  professor  ol  ophthalmology  at  \  icnu  i 
produced  a  set  of  Silirili-Siulen  on  somewhat  similar  lines  that  rapidly  achieved  the  success  tin- 
had  eluded  Kiichler  One  reason  was  doubtless  that  Jaeger's  chart  included  at  least  four  sizes  <4 
type  smaller  than  Kuchler's,  though  an  exact  comparison  is  difficult  because  Jaeger  employed  . 
Roman  style  typeface  Another  difference  was  that  in  Jaeger's  chart  the  si/es  increased  from  the 
top  downwards.  No  I  thus  being  the  smallest.  By  way  of  further  improvement.  Jaeger  ptovided 
two  lines  of  connected  reading  matter  in  all  sizes  up  to  No  10  Within  a  lew  years,  versions  ni 
Jaeger’s  chart  had  been  published  in  many  languages  and  alphabets,  including  Greek.  Hebrew 
and  Russian.  It  is  still  widely  used  today  for  assessing  near  visual  acuity.  One  defect  is  that  the 
progression  of  sizes  is  based  on  availability  and  not  on  an  orderly  system  For  this  reason,  the 
notation  Jl,  J2,  J3,  J4,  etc.,  used  for  record  purposes  has  no  significance  beyond  a  method  of 
labeling. 

The  now  familiar  letter  chart  for  testing  distance  visual  acuity  was  introduced  by  Herman 
Snellen  (1834-1908)  in  1862.  Snellen  was  a  junior  colleague  of  Donders.  who  was  then  professor 
of  ophthalmology  at  Utrecht.  It  was  Donders  who  propounded  the  idea  that  the  line  widths  and 
spaces  of  the  individual  test  letters  should  be  related  to  a  visual  angle  of  one  minute  of  arc 
Donders  also  suggested  the  method  of  recording  acuity  which  later  became  known  as  the  Snellen 
fraction.  In  this  notation,  the  visual  acuity  or  visits  Fis  expressed  as 

F  =  dll) 

in  which  is  the  testing  distance  and  D  the  distance  at  which  the  height  of  the  smallest  discernible 
line  of  letters  subtends  5  minutes  of  arc. 

Snellen's  own  contribution  was  still  a  considerable  one.  His  complete  set  of  'optotypes 
included  near  vision  as  well  as  distance  charts  printed  in  black  on  white,  white  on  black,  and  in 
several  different  colors.  There  was  also  a  chart  presenting  various  arrangements  of  parallel  lines 
to  facilitate  the  testing  of  astigmatic  subjects.  In  1866  a  chart  of  geometrical  figures  for  testing 
illiterates  was  added,  and  in  1873  Snellen  produced  the  well-known  ‘Illiterate  E'  chart  which  is 
still  widely  used.  The  typeface  used  by  Snellen  as  a  model  for  his  letters  was  characterized  by 
heavy  ornamental  cross  strokes,  or  'serifs.'  Although  this  style  retained  its  popularity  for  a  great 
many  years,  there  now  seems  to  be  a  general  preference  for  nonserif  letters. 

Following  the  Meter  Convention  of  1875,  which  established  the  metric  system  in  some- 
forty  countries,  Snellen  adapted  his  distance  types  to  a  testing  distance  of  6  meters.  Hitherto  he 
had  taken  20  (Paris)  feet  as  the  standard  distance.  (One  Paris  foot  is  approximately  equal  to 
1.066  Anglo-American  feet.) 

The  original  progression  of  letter  sizes  seems  to  have  been  chosen  by  Snellen  empirically, 
his  distance  chart  provided  the  following  seven  lines:  20/20,  20/30.  20/40,  20/50,  20/70.  20/100. 
and  20/200.  Considered  as  a  whole,  this  series  of  //-values  approximates  roughly  to  a  geometrical 
progression  in  which  the  seventh  term  is  ten  times  the  first  term;  the  constant  ratio  (of  each  term 
to  the  preceding  one)  is  thus  6s/T0  or  approximately  1.47. 

After  the  appearance  of  Snellen's  optotypes,  which  received  a  general  welcome,  sugges¬ 
tions  for  modifications  and  improvements  came  in  from  all  quarters.  In  particular,  the  French 
ophthalmologist  Ferdinand  Monoyer  (1836-1912)  produced  a  chart  in  1875  which  is  still  used  as  a 
model  in  some  European  countries.  It  incorporated  four  important  modifications  First. 
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Moimvei  list’ll  nonscrtl  loiters  ol  5  *  4  construction  (5  units  in  height  and  4  units  in  width) 
s.'u’nd  tie  introduced  what  might  he  termed  ihe  decimal- 1  notation  in  which,  lor  example.  I  = 
n  >  would  he  used  m  place  nl  20/80  or  6/24  Ihird,  he  chose  a  progression  of  sizes  ranging 
o  in  1  li  1  in  I  I  in  intervals  ol  0  1  Ihts  was  a  radical  departure  from  Snellen's  quasi- 
eeoiiiciric.il  progression  ol  sizes  I  malic.  Monoyer  designed  his  chart  for  a  testing  distance  of  5 

■  n  :  e  i  s 

I  nun  .i  scientific  point  ol  view,  letters  have  several  disadvantages  as  test  objects.  In  1899 
"  .  Swiss  ophthalmologist  I  dmond  I  andolt  (1846-19261  introduced  his  ‘broken  ring'  or  '("  test. 
.ihi.li  overcomes  many  ol  the  objections  levelled  at  letters  It  comes  as  no  surprise  that  it  has 
■'ecu  adopted  lor  ni.inv  particular  uses  and  has  gained  some  acceptance  in  everyday  optometric 

e  i  u  e 

By  ihc  turn  ol  ihe  century,  so  many  diflerent  versions  of  the  Snellen  chart  had  been  pro- 
:.:.vd  dial  ii  had  lost  all  semblance  of  a  standard  test  from  which  comparable  results  could  be 
.  vpciicd  \s  the  I  nglish  ophthalmologist  Hay  wryly  remarked,  the  amount  of  compensation  for 
ss  o|  vision  awarded  to  a  claimant  in  a  lawsuit  lor  damages  might  well  depend  on  which  of  the 
aitlkiuig  expert  witnesses  ihe  judge  esteemed  to  be  the  "best  liar" 

I  aiuloli  s  broken  rings  (in  eighi  diflerent  orientations),  supplemented  by  the  numerals  0. 

;  4  uid  lormed  ihc  basis  ol  the  first  distance  test  chart  to  become  an  official  standard.  It  was 
•  "’lulli  adopted  as  such  bv  the  I  levenlh  International  Ophthalmological  Congress  held  in  1909. 
I‘  '”"ii  became  a  dead  letter  l  nloriunately.  the  design  of  test  charts  is  one  of  those  subjects  on 
a"1.1!  there  are  almost  as  many  opinions  as  there  are  practitioners.  Over  the  years,  the  style  and 
I’l  ’t’oiiioiis  ol  the  typeface,  (he  selection  of  letters,  the  progression  of  sizes,  the  testing  distance. 
ei  I  'be  notation  lo  be  employed  have  all  given  rise  to  acute  controversy.  For  a  detailed  account 
”t  dicxe  arguments  ihe  interested  reader  is  referred  to  an  earlier  paper  by  Bennett  (1965a).  A 
*rc'h  iitempt  is  now  being  made  ihrough  the  International  Federation  of  Ophthalmological 
societies  to  lorniulaie  a  new  standard  chart  acceptable  to  the  majority  of  its  members. 

In  view  ol  this  past  history .  ihe  publication  in  1968  of  the  British  Standard  BS  4274  for 
Us:  nice  test  charts  can  he  hailed  as  an  achievement  because  the  committee  responsible  for  ns  for* 
•'lulinon  represented  not  milv  ophthalmologists  hut  also  optometrists  and  dispensing  opticians,  as 
•>.  l1  is  maiiulaclurers  \  German  Standard.  DIN  58  220.  has  since  been  published,  giving  details 
l  i  distance  lest  chart  composed  of  I. andolt  rings  in  eight  different  orientations.  Levels  of  illumi- 

■  i’ i”ii  and  a  standard  procedure  to  be  followed  when  using  the  chart  are  also  specified. 

Ibis  discussion  has  so  lar  been  confined  to  subjective  tests  of  visual  acuity.  Objective 
methods  (re  o|  much  more  recent  origin  and  are  Ihe  subject  of  Chap  7. 

Beginnings  of  Subjective  Refraction 

Ihe  idea  ol  a  subjective  test,  as  distinct  from  trying  on  various  ready-made  spectacles  with 
us.s  ol  equal  power,  is  implicit  in  the  polysphencal  lenses'  invented  by  a  German  monk. 
I. diiti ii  /ah n  1 1641-1707)  They  are  described  in  the  third  volume  of  his  Oculits  arii/iaalis 
>  f/'./’ii'i  f/v  me  r<7i  vi  upturn,  published  in  Wurzburg  during  1685  and  1686. 

/ahti  s  work  is  ol  wide  scope,  dealing  with  optics  and  optical  instruments  from  a  practical 
is  well  as  a  theoretical  standpoint  In  addition  to  his  other  abilities,  /ahn  was  evidently  a  skilled 
ens  m  iker.  he  described  a  grinding  machine  ol  his  own  construction  An  F.nglish  translation  by 
Benneii.  together  with  a  commentary,  ol  the  chapter  devoted  to  spectacles  appeared  in  1968. 

Ihe  modern  reader  cannot  fail  to  be  struck  by  /.ahn's  clinical  sense  Though  paying  them 
reverence,  he  will  have  nothing  to  do  with  the  meager  range  of  standard  foci  compiled  by  Sirturus 
uid  other  writers  As  he  remarked,  it  is  best  not  to  fit  the  eyes  to  the  lenses  but  the  lenses  to  the 
eves  He  had  taken  note  of  a  statement  by  Dcchales  that  anisometropia  is  possible  and  confirmed 
’s  truth  hv  his  own  observations 

though  warning  against  the  premature  use  of  spectacles  and  of  corrections  stronger  than 
needed,  /ahn  did  noi  shrink  from  high  powers  when  necessary  He  mentions  a  case  in  which  he 
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prescribed  -26  diopters  (in  our  notation).  One  of  the  methods  outlined  by  Zahn  for  testing  ,i 
myope  was  to  find  the  far  point  distance  and  make  a  lens  of  the  same  focal  length 

Zahn  was  fully  aware  of  the  importance  of  correct  centration,  as  shown  by  the  following 
brief  passage: 

When  two  lenses  are  combined  lin  a  pair  of  specladesl  tare  must  be  taken  that  they  do  not  cause  the 
object  to  appear  doubled,  as  occurs  if  they  are  not  in  the  correct  relative  position,  the  frame  should  therefore 
be  so  adjusted  that  the  lenses  remain  in  their  correct  relationship  with  each  other  and  do  not,  through  careless 
fitting,  impose  a  disagreeable  burden  on  the  sight  and  thus  do  more  harm  than  good 

Figure  2-3  is  reproduced  from  a  handmade  copy  of  Zahn's  own  illustration  of  his  polys 
pherical  lens,  which  might  be  styled  the  world's  earliest  and  most  compact  refracting  unit  The 
plus  version  was  plano-convex  in  form  and  the  minus  version  plano-concave  Each  was  made 
from  a  single  piece  of  glass,  the  various  concentric  zones  had  different  curvatures  Essentially  the 
same  technique  is  employed  to  produce  upeurve'  one-piece  bifocals  In  a  concave  polysphertcal. 
the  central  circular  portion  necessarily  has  the  steepest  curvature,  whereas  in  the  convex  it  has  the 
shallowest  Each  lens  provided  a  range  of  six  different  powers  that  could  be  brought  in  succession 
in  front  of  the  pupil,  the  width  of  the  zones  was  just  sufficient  for  this  purpose 

It  is  clear  that  Zahn  would  not  have  been  content  with  just  one  plus  and  one  minus  poly  - 
spherical  but  he  gives  no  details  of  the  foci  he  employed  He  left  it  to  any  interested  reader  to 
draw  up  his  own  specifications. 

It  seems  strange  that  over  1 50  years  were  still  to  elapse  before  the  trial  case  appeared  in  its 
modern  form  After  the  rapid  advances  of  the  17th  century,  the  impetus  waned  From  the  stand¬ 
point  of  optometry  the  18th  century  was  a  quiet  one  and  no  significant  advances  were  made  until 
it  was  nearing  its  end 


FIG  2-3  Johann  Zahn's  polvspherical  lens'  used  as  a  refracting  unit  (1685-861 

Astigmatism 

As  I  have  remarked  elsewhere,  astigmatism  was  a  British  invention  and  remained  practi¬ 
cally  a  British  monopoly  for  nearly  150  years 

An  astigmatic  surface  is  one  in  which  the  curvature  varies  from  a  minimum  in  one  princi¬ 
pal  meridian  to  a  maximum  in  another  perpendicular  to  it  It  does  not  possess  axial  symmetry 

Astigmatic  pencils  may  be  divided  into  two  main  classes;  those  produced  at  normal 
incidence  by  an  astigmatic  (e.g.,  cylindrical  or  toroidal)  refracting  surface,  and  those  produced  at 
oblique  incidence  by  a  plane  or  spherical  surface.  The  latter  variety  retains  the  essential  features 
of  the  former,  but  in  a  more  complex  form  arising  from  the  lower  degree  of  symmetry. 
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The  geometry  of  an  astigmatic  pencil  can  be  adequately  visualized  only  as  a 
three-dimensional  construction.  As  long  as  consideration  was  restricted  to  rays  in  the  plane  of  a 
diagram,  the  possibility  of  astigmatism  could  hardly  have  been  imagined.  It  took  the  genius  of 
Isaac  Newton  (1643-1727)  to  divine  the  existence  of  astigmatic  imagery,  though  it  was  only  astig¬ 
matism  due  to  oblique  incidence  about  which  he  wrote. 

In  his  Lecnones  XVlll.  Barrov  had  given  an  elegant  and  correct  expression  for  conjugate 
loci  in  the  tangential  (plane  of  diagram)  section  of  a  narrow  obliquely  refracted  pencil.  Newton 
supplied  a  graphical  solution  and  added  another  for  the  sagittal  section  as  well.  He  also  touched 
.'ii  the  problem  of  which  cross  section  of  an  astigmatic  pencil  entering  an  eye  would  tend  to  be 
incused  on  the  retina  Somewhat  diffidently,  he  suggested  an  answer  in  a  geometrical  formulation 
which  Bennett  ( 1961 )  has  shown  to  define  the  plane  of  the  circle  of  least  confusion. 

Newton  s  writings  on  oblique  astigmatism  and  other  topics  of  geometrical  optics  are  to  be 
found  in  his  Optical  Lectures  These  lectures  had  been  delivered  in  Cambridge  during  1669  but 
were  not  published  until  1728.  shortly  after  his  death  In  comparison  with  his  Opticks.  Newton's 
Optical  Lectures  are  virtually  unknown  As  a  result,  a  number  of  beautiful  graphical  constructions 
that  ought  to  have  passed  into  general  currency  have  been  allowed  to  pass  into  oblivion  It  was 
the  late  ot  even  the  greatest  of  Newton's  contemporaries  to  be  overshadowed  by  him.  In  respect 
to  his  Optical  Lectures.  Newton  appears  to  have  overshadowed  himself 

It  was  Thomas  Y'oung  (1773-1829)  who  picked  up  the  threads  left  by  Newton,  similarly 
.onhning  his  published  work  to  oblique  astigmatism  Nowhere  in  Young's  various  writings  on 
plies  Joes  he  deal  with  refraction  by  cylindrical  or  other  astigmatic  surfaces  Nevertheless,  he 
made  considerable  advances  In  his  Bakerian  Lecture.  Young  gave  the  first  description  of  an 
astigmatic  pencil  formed  by  oblique  refraction  The  diagram  is  not  a  schematic  one  but  shows 
-verv  sign  of  having  been  drawn  from  observation  The  approximate  focal  lines  and  the  circle  of 
cast  confusion  (termed  by  Young  the  'circle  of  least  aberration')  are  clearly  shown.  In  addition, 
'he  equations  given  by  Young  correctly  locate  the  circle  of  least  confusion  dioptrically  (as  distinct 
'torn  geometrically)  midway  between  the  two  focal  lines 

Another  of  Young's  contributions  was  a  remarkable  graphical  construction  that  deserves  to 
he  better  known  Consider  the  chief  ray  of  a  narrow  pencil  obliquely  incident  on  a  refracting  sur- 
1  ic  c  The  following  propositions  are  true  for  the  sagittal  and  tangential  meridians  separately 
I  rsi  to  every  point  on  the  incident  ray  path,  considered  as  an  object  point,  there  corresponds  a 
mique  image  point  on  the  refracted  ray  path  and  vice  versa  In  technical  terms,  the  ranges  of 
hied  and  image  points  constitute  a  one-to-one  correspondence  Second,  the  point  of  incidence, 
which  is  common  to  both  the  incident  and  refracted  ray  paths,  is  self-conjugate.  It  then  follows 
r  m  a  theorem  in  projective  geometry  that  a  straight  line  drawn  from  any  object  point  to  its  con- 
jgate  image  point  must  pass  through  a  fixed  point  termed  the  ‘center  of  perspective.’  Conse¬ 
quent  once  this  latter  point  has  been  located,  we  can  find  an  image  point  by  drawing  a  single 
'iraighi  line  from  the  object  point  For  imagery  in  the  sagittal  plane,  the  center  of  perspective  is 
..icily  chown  to  be  the  center  of  curvature  of  the  surface.  To  find  the  center  of  perspective  for 
the  tangential  cection  is  a  more  formidable  problem  Young  solved  it  by  means  of  a  graphical 
o instruction  which,  though  simple,  is  puzzling  because  it  seems  devoid  of  any  optical  rationale.  It 
v telds  its  secret  only  when  approached  from  the  standpoint  of  projective  geometry  (Bennett  1970). 

Above  all.  Young  made  an  especially  valuable  contribution  to  the  study  of  astigmatism  by 
'claiing  it  to  the  eye.  First,  he  calculated  the  oblique  astigmatism  of  the  eye  itself,  plotting  what 
we  would  now  term  the  sagittal  and  tangential  image  shells  after  refraction  at  each  surface.  This 
procedure  led  him  to  the  correct  conclusion  that  the  final  image  shells  would  normally  straddle  the 
renna.  the  curvature  of  which  is  therefore  ideal  from  this  standpoint.  Second,  in  the  course  of 
the  experiments  described  in  his  Bakerian  Lecture  he  discovered  that  one  of  his  own  eyes  was 
astigmatic,  his  optometer  revealing  a  refractive  error  in  the  neighborhood  of 
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Since  a  further  experiment  with  the  same  eye  immersed  in  water  showed  no  change  i 
astigmatism.  Young  concluded  that  it  must  be  due  to  a  lilt  in  the  crystalline  lens  Me  rertum 
that  in  his  case  an  adequate  correction  could  be  obtained  by  tilling  the  spectacle  lens  This  was  - 
expedient  not  unknown  to  the  opticians  ol  his  day— an  empirical  remedy  lor  a  then  mysk-ii 
condition 

It  is  well  known  that  George  Biddell  Airy  (1801-1892),  who  later  in  life  became  > 
Astronomer  Royal,  was  the  first  person  to  correct  astigmatism  with  a  sphero-cylindrical  •  - 
Having  discovered  his  own  left  eye  to  be  strongly  astigmatic  as  well  as  myopic,  he  calculate,,  ' 
necessary  radii  of  curvature  and  had  a  correcting  lens  specially  made  In  our  modern  notation 
power  would  be  approximately 
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Airy  gave  an  account  of  this  historic  step  forward  to  the  Cambridge  Philosophical  Sim.  . 
in  1825,  but  the  volume  containing  his  lecture  did  not  appear  until  1827 

Whether  or  not  Airy  was  acquainted  with  Young’s  prior  discovery  of  ocular  astigmatism  - 
open  to  conjecture,  but  there  is  certainly  no  doubt  as  to  his  outstanding  mathematical  skill  When 
William  Hyde  Wollaston  (1766-1828)  introduced  his  patented  periscopic’  lenses  in  1804  t .. 
frankly  admitted  that  he  was  unable  to  produce  a  rigorous  theory  to  account  for  their  superior':, 
In  another  paper  published  in  1830.  Airy  solved  this  problem  and  derived  a  mathematical  expo's 
sion  showing  the  form  in  which  a  spectacle  lens  should  be  made  in  order  to  be  free  from  obliqn-. 
astigmatism.  I  have  recently  shown  (Bennett  1965b)  that  this  expression  is  mathematically  idem 
cal  (despite  the  different  parameters  and  line  of  approach)  with  the  formula  deduced  mam  ic.os 
later  by  Tscherning  (1904)—  the  basis  of  the  well-known  ‘Tschermng  Ellipses’  Airy's  pionev 
work  in  this  field  bore  no  fruit  because  it  was  too  far  in  advance  of  its  lime 

Following  Airy's  pioneer  effort  in  the  correction  of  astigmatism,  interest  in  the  suhieci  gr , 
dually  spread  The  French  ophthalmologist  Louis  Emile  Javal  (1839-1907)  became  particulars 
interested  and  has  left  us  a  valuable  review  (Javal  1866)  of  the  earlier  researches  and  publicatmm 
in  this  field 

So  interesting  and  important  a  development  could  not  possibly  have  failed  to  attract  :»'c 
attention  of  Donders  It  was  largely  through  his  book  on  Asngmaiism  and  Cylindrical  Len\c\  pu^ 
fished  in  1862  in  Dutch,  French,  and  German,  that  testing  for  astigmatism  became  an  essentia 
part  of  routine  refraction. 

After  the  basic  principles  had  been  established,  progress  was  concentrated  on  finding 
improved  methods  and  techniques  for  clinical  use.  One  valuable  device  was  the  variable  cylinder 
or  ’Stokes  lens,’  named  after  its  inventor  Sir  George  Gabriel  Stokes  (1819-1903)  Stokes  was  an 
Irish  mathematician  and  physicist  of  great  distinction,  the  discoverer  of  the  phenomenon  ol 
fluorescence. 

The  original  Stokes  lens  (Stokes  1849)  was  a  combination  of  two  piano-cylinders  of  equal 
and  opposite  power,  one  rotatable  with  respect  to  the  other.  When  a  Stokes  lens  is  adjusted  to 
give  a  desired  cylinder  power  C,  an  unintended  but  unavoidable  element  of  spherical  power  equal 
to  -C/2  is  also  produced.  This  was  originally  considered  a  drawback  but  it  it  exactly  what  is 
required  when  cross-cylinder  techniques  are  employed.  The  value  of  the  Stokes  lens  as  an  aid  to 
refraction  was  realized  by  Donders,  Javal,  and  many  others.  A  specially  designed  version  of  it 
was  exhibited  by  Dennett  in  the  USA  in  1885,  and  another  version  designed  as  a  trial-case  acces¬ 
sory  similar  to  the  Risley  prism  was  patented  by  De  Zeng  in  1908.  We  are  also  indebted  to  Stokes 
for  the  first  mathematical  analysis  of  obliquely  crossed  cylinders  (1883)  As  he  himself  hinted 
and  as  Edward  Jackson  (1886)  and  others  later  showed  in  detail,  the  equations  lend  themselves  to 
a  simple  geometrical  solution  on  which  the  well-known  parallelogram  construction  with  doubled 
angles  is  based 

Much  thought  has  been  expended  on  the  design  of  charts  for  the  detection  of  astigmatism 
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.1: n*n  til  ili  meridians  Sr  n  included  several  such  charts  in  his  complete  set  ot 
\  particularly  valuable  cor  hulion  was  made  by  the  Si  louts  ophthalmologist  John 

•  |9I  ti  who  had  spent  a  shi  time  in  Donders  s  clinic  In  a  papet  delivered  in  1878 

si  no  lower  than  26  different  ’igmalic  charts  The  maioritv  were  of  his  own  Jesign 

sol  ot  three  first  published  in  1866  had  received,  as  he  himself  put  it.  a  wide  circula 
>l  the  later  vharts,  which  Green  attributed  to  Moves,  foreshadows  what  later  became 

no  Maddox  \  Interest  in  the  design  of  astigmatic  charis  did  not  become  exhausted 
i. ones  such  as  \erhoetf  Maddox,  f-riedenwald  and  Raubitsvhetc  would  figure  prom- 

•  .  detailed  review  ot  this  topic 

■  favai  wiih  the  assistance  ot  Schtot/,  launched  the  first  keralometer  tor  clinical  use 
now  nsliunierit  was  welcomed  as  an  aid  to  the  determination  of  astigmatism  It  was 
■uise1  that  the  keralometer  findings  would  have  to  be  treated  with  some  reserve 
,  .  i > ci is J  no  iccepied  as  a  reliable  indication  ot  the  total  corneal  astigmatism,  they  still 
,  ,,n  it  lenticular  astigmatism  Moreover  the  lens  eve  separation  introduces  cylinder 
,  'iipiic.itioiis  especiall*  when  a  'thing  spherical  correction  is  also  needed 

’  esc  c  oiisidei  at  ions  hi  mind  Javal  made  a  sluJv  of  case  records  to  see  if  there  was 
r  st  a  a  -elationship  between  the  corneal  astigmatism  -f  as  revealed  by  the  keratometer 
"Cc’uig  tVimdei  (  found  he  retraction  Bv  adopting  the  convention  that  positive 

•  O'e  'ule  i n cl  negative  against  the  rule  astigmatism,  we  can  express  the  relationship 
,  ceil  Known  is  favai  s  rule  -hr  the  equation 
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•'•■e'  tues'igators  arrived  at  verv  similar  relationships,  thus  confirming  the  validity  of 
i  t-  at  statistical  generalization 

i •■■;"  ced  techniques  of  refraction  inevitably  led  to  the  deeltne  of  the  keratometer  as  a 
me  iiic  ot  determining  astigmatism  The  most  notable  advance  in  this  field  was  doubtless 
,n  o|  the  cross  cvlmdei  technique  bv  Edward  Jackson  <  1 856- 1 942 )  His  first  published 
r.e  i  t  was  made  in  a  paper  'Jackson  18871  devoted  to  a  description  of  a  small-aperture 
•  '  >c,  *hich  he  had  designed  The  cross  cylinder  was  mentioned,  almost  in  passing,  as  an 
wn  io  be  used  m  finding  or  checking  the  cylinder  power  required  Twenty  years  elapsed 
-  -  i  was  realized  that  the  cross  cylinder  can  also  be  used  to  refine  the  cylinder  axis  It  is 

■  g  oiat  Jackson  himself  was  the  first  to  make  this  discovery  Today,  the  cross-cylinder  tech- 
, ..  '  prohablv  the  most  widely  used  of  all  in  routine  subjective  refraction 

In  manv  refractor  heads  the  cross  cylinder  is  mounted  so  far  from  the  subject’s  eye  that 
•"nr ''bcttion  effects  and  scissors  distortion  may  become  disturbing  and  impair  the  sensitivity  of 
'  \  modified  form  of  the  cross  cylinder,  termed  homokonic.’  designed  to  overcome  these 

1'iwh.KXc  has  been  described  bv  Haynes  (1958) 


I  he  Subjective  Optometer 

(  urrent  subjective  refraction  techniques  require  the  use  of  a  distant  test  object  and  a  large 
i"  r  mertt  of  lenses  to  form  an  image  of  it  in  the  far-poin!  plane  of  any  given  subject.  An  earlier 
v-'i-gement  was  to  use  a  near  test  object  and  varv  ns  distance  from  a  fixed  lens  to  position  the 
mage  in  the  desired  location  This  is  the  principle  of  the  simple  optometer  Since  only  one  lens 
s  -equircd  it  may  be  thought  appropriate  that  a  Scottish  physician,  William  Porterfield  (d.  1768), 
*  -  r-esp* insihle  for  the  introduction  of  the  instrument  as  well  as  for  ns  name.  In  fact  the  optom- 
"  r  i'  described  by  Porterfield  in  his  T'eatise  on  the  Eye  (1759)  did  not  even  require  a  single  lens 
In  essence  it  was  a  device  for  locating  the  far  point  of  a  myopic  eye  by  means  of  a  movable  test 
Meet  hi  vertical  line),  a  Schemer  disk  with  two  vertical  slits  was  employed  as  a  criterion  of  focus- 

n  k 

The  mam  substance  of  Porterfield’s  Treatise  was  contained  in  an  earlier  Essay  concerning 
Te  mniions  of  our  eyes,’’  which  had  appeared  in  two  parts  in  Volumes  III  and  IV,  respectively. 
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of  a  compilation  entitled  Medical  Essays  and  Observations.  Several  editions  of  this  work,  published 
by  A  Society  in  Edinburgh,  appeared  from  1737  onwards  but  Porterfield’s  Essay  contains  nothing 
on  the  subject  of  his  optometer  that  is  not  to  be  found  in  the  later  Treatise. 

Porterfield's  optometer  was  greatly  improved  by  Thomas  Young,  who  retained  the 
Scheiner  slits  as  an  essential  feature.  The  test  object  was  replaced  by  a  line  engraved  centrally 
along  the  length  of  the  optometer  bar.  Viewed  through  the  slits  it  would  appear  in  the  form  of  an 
elongated  letter  X;  the  perceived  point  of  intersection  of  the  two  oblique  lines  was  free  from  dou¬ 
bling  and  hence  conjugate  with  the  retina.  To  deal  with  hypermetropia  he  made  the  instrument 
reversible  and  added  a  + 10  D  lens  at  one  end,  providing  various  scales  by  which  a  direct  reading 
could  be  obtained  in  terms  of  the  code  number  (according  to  a  system  then  in  use)  of  the 
appropriate  spectacle  lens. 

Young's  optometer  was  described  in  his  famous  Bakertan  Lecture  to  the  Royal  Society 
delivered  in  1800  (Young  1801).  With  characteristic  insight  he  pointed  out  that  involuntary 
accommodation  would  often  affect  the  result  and  suggested  that  “a  power  two  or  three  degrees 
(intervals)  lower  than  that  which  is  thus  ascertained  will  be  found  sufficient  for  ordinary  pur¬ 
poses.”  Young  also  recommended  that  the  eye  not  under  test  should  not  be  closed  but  merely 
occluded. 

A  fascinating  account  of  the  use  of  a  Young’s  optometer  was  given  by  J.  Isaac  Hawkins 
(1826),  an  English  engineer.  He  had  decided  that  he  needed  trifocals  and  must  test  his  own  eyes 
Accordingly,  he  built  himself  an  optometer  from  Young's  description  of  his  own  model,  using 
printed  music  staves  as  a  test  object  so  that  he  could  detect  the  presence  of  astigmatism  By  this 
simple  means,  Hawkins  arrived  at  a  distance  prescription  which  in  our  notation,  suitably  rounded 
off,  would  be 

R  +  1.62/-0.62xV 
L  +  1.25/-0.12xH 

He  then  designed,  and  had  made  by  a  somewhat  reluctant  optician,  a  pair  of  trifocals  of 
Franklin  construction,  each  portion  accurately  centered  and  independently  angled  so  as  to  be 
approximately  normal  to  the  line  of  sight.  Hawkins’s  name  is  fairly  well  known  as  the  originator 
of  trifocals,  but  his  remarkable  feat  of  self-refraction  and  numerous  shrewd  comments  deserve 
much  wider  recognition  than  they  have  hitherto  received.  It  is  possible  that  Hawkins  was  not 
even  acquainted  with  Airy’s  work  on  the  subject,  which  had  not  then  been  published. 

In  1876,  by  which  time  the  trial  case  was  in  common  use,  the  optometer  was  further 
improved  by  the  French  ophthalmologist  Jules  Badal  (1840-1929).  He  moved  the  lens  forward  so 
that  its  second  principal  focus  coincided  with  the  spectacle  point,  approximately  at  the  eye’s  ante¬ 
rior  focal  point.  In  this  setting  the  optometer  is  positioned  to  record  the  spectacle  refraction. 

Two  considerable  advantages  are  afforded  by  the  Badal  system.  First,  the  power  scale  of 
the  instrument  becomes  linear.  Second,  the  apparent  size  of  the  image  of  the  test  object  remains 
very  nearly  constant  whatever  the  subject’s  refractive  error. 

Badal  used  a  + 16.00  D  lens,  for  which  power  the  necessary  travel  of  the  test  object  is  very 
nearly  4  mm  per  diopter.  The  optometer  scale  gave  readings  in  this  then  very  new  unit  of  lens 
power,  its  range  being  from  +15  to  -20  D.  A  stenopaeic  slit  was  incorporated  in  the  eyepiece  for 
use  in  cases  of  astigmatism.  One  of  the  test  objects  used  in  this  optometer  was  a  photographic 
reproduction  of  one  of  Snellen's  optotypes,  which  made  it  possible  to  use  the  instrument  also  for 
visual  acuity  determination. 

A  few  useful  improvements  were  later  introduced  by  Parent  (1879),  one  of  the  pioneers  of 
retinoscopy  He  added  a  diaphragm  in  the  eyepiece  to  sharpen  the  image  formed  by  the  +16  D 
lens,  and  a  more  suitable  test  object  for  dealing  with  astigmatic  eyes.  To  reduce  the  stimulus  to 
accommodation.  Parent  also  constructed  a  binocular  model. 

Towards  the  end  of  the  19th  century,  subjective  optometers  were  greatly  in  vogue  and 
numerous  different  designs  were  put  forward.  There  was  even  a  suggestion  that  the  trial  case 
might  become  obsolete.  In  fact,  it  is  the  simple  optometer  which  has  been  rendered  obsolete 
(except  for  domiciliary  use)  by  refinements  in  refraction  routines  employing  trial  lenses. 

Nevertheless,  the  Badal  principle  retains  its  importance  and  has  been  utilized  in  the  design 
of  more  sophisticated  objective  instruments. 
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(except  for  domiciliary  use)  by  refinements  in  refraction  routines  employing  trial  lenses. 

Nevertheless,  the  Badal  principle  retains  its  importance  and  has  been  utilized  in  the  design 
of  more  sophisticated  objective  instruments. 

The  Ophthalmic  Trial  Case 

Although  the  transition  from  a  range  of  trial  spectacles  to  a  set  of  individual  trial  lenses  is 
a  simple  one  technically,  it  marks  an  important  advance  in  the  development  of  optometry. 
Broadly  speaking,  it  reflects  the  transition  from  selection  to  prescribing. 

The  basic  idea  seems  to  have  occured  independently  to  a  number  of  practitioners  during 
the  first  part  of  the  19th  century.  Priority  is  generally  given  to  the  German  physician,  G.T.C. 

I  ronmuller  <1843),  who  published  a  detailed  description  of  the  trial  case  he  had  designed  for  his 
own  use  It  was  in  this  article  that  he  uttered  his  famous  denunciation  of  bifocals  as  “a  certain 
means  of  ruining  even  the  best  of  eyes."  Our  amusement  at  this  dictum  should  perhaps  be  tem¬ 
pered  by  the  reflection  that  some  degree  of  caution  is  no  bad  thing  in  a  medical  man. 

Writing  in  a  Soviet  ophthalmological  journal,  Magil’nitsky  (1956)  recently  claimed  priority 
on  behalf  of  Professor  I  Grubi,  who  had  designed  a  trial  case  for  use  at  the  St.  Petersburg 
Academy  of  Military  Medicine  as  early  as  1830.  Even  this  claim  can  be  disputed,  because  a 
description  of  a  trial  lens  set  and  an  adjustable  trial  frame  is  given  in  a  highly  interesting  paper 
published  by  Du  Bois  (1826)  in  a  Prussian  technical  journal. 

Subsequent  developments  in  the  design  of  trial  case  lenses  are  reviewed  in  detail  in  Chap. 
3  The  evolution  of  the  refracting  unit  is  also  traced  in  that  chapter. 

Spectacle  Lens  Numbering  and  Measurement 

Through  the  centuries,  many  lens-numbering  systems  have  been  used,  some  arbitrary  and 
others  related  to  a  measurable  quantity  such  as  focal  length  or  radius  of  curvature.  The  focal 
length  has  the  advantage  that  it  can  be  measured  directly  in  the  simplest  possible  way,  at  least  in 
the  case  of  converging  lenses.  On  the  other  hand,  the  concept  of  lens  power— the  ideal  basis  for  a 
lens-numbering  system— is  almost  intuitive  and  the  reciprocal  relationship  of  lens  power  to  focal 
length  is  not  difficult  to  perceive. 

It  is  therefore  not  surprising  that  a  lens-numbering  system  based  essentially  on  power  was 
described  as  early  as  1623,  in  the  first  book  devoted  to  spectacles,  Uso  de  los  antojos  (The  Use  of 
Spectacles).  Its  author,  Benito  Daza  de  Valdes  (1591-1634).  was  a  notary  attached  to  the  Holy 
Office  The  original  work,  published  in  Seville,  is  exceedingly  rare,  but  a  French  translation,  first 
printed  in  1627,  was  republished  by  Albertotti  in  1892.  This  made  the  work  more  widely  accessi¬ 
ble  Then,  to  mark  its  tercentenary,  a  facsimile  of  the  original  Spanish  edition  was  published  in 
Madrid  under  the  editorship  of  Manuel  Marquez  in  1923. 

According  to  the  system  described  by  de  Valdes,  the  strength  of  a  lens  in  grados  (literally, 
degrees)  was  defined  by  a  number  denoting  the  reciprocal  of  its  focal  length  measured  in  varas. 

<  The  vara  was  a  Spanish  unit  of  length,  now  obsolete,  equivalent  as  far  as  one  can  tell  to 
0  83-0  85  meter  )  In  round  figures,  the  power  of  a  lens  in  grados  would  be  1.2  times  its  power  in 
diopters 

A  feature  of  exceptional  interest  in  this  book  is  the  description  of  a  simple  means  of 
measuring  the  power  of  a  lens  It  is  highly  probable,  as  von  Rohr  (1918)  has  suggested,  that  de 
Valdes  did  not  invent  the  method  himself  but  obtained  it  from  an  Italian  source.  A  flourishing 
glass  and  spectacle-lens  industry  had  already  been  established  for  some  centuries  on  the  island  of 
Vfurano  in  the  Venetian  lagoon  Whatever  the  truth  of  the  matter,  it  is  to  de  Valdds  that  our 
thanks  are  due  for  having  placed  the  method  on  record. 

It  requires  the  use  of  a  number  of  specially  prepared  charts,  one  of  which,  intended  for 
minus  lenses  of  power  2  to  10  grados,  is  reproduced  as  Fig.  2-4. 

Having  placed  his  eye  at  the  specified  viewing  distance -two- thirds  of  a  vara  (approxi¬ 
mately  56  cm)  — the  examiner  holds  the  lens  to  be  measured  over  the  right-hand  circle  marked  L. 
He  then  withdraws  the  lens  towards  his  eye  until  the  image  of  the  circle  seen  through  the  lens 
appears  of  the  same  size  as  the  left-hand  circle  5  viewed  directly.  The  distance  of  the  lens  from 
the  circle  is  then  measured;  the  scale  reading  at  this  distance  from  the  center  of  the  star  marking 
the  zero  point  gives  the  power  of  the  lens  in  grados.  This  method  is  optically  sound.  Let 
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P  =  (positive)  distance  in  mm  from  test  object  to  viewing  point 

</  =  (positive)  distance  from  test  object  to  lens  when  in  position  of  equality 

k  =  ratio  of  diameter  of  circle  L  (viewed  through  the  lens)  to  that  of  circle  S  u I 

directly 

h  =  power  of  lens  in  diopters 
Then  it  can  be  shown  that 

q  =  (p/2)  -  ((j>2/4)  +  [I000/>(A  -  \)/h\)\n 

The  distance  q  should  be  measured  to  the  first  principal  point  of  the  lens.  The  viewing 
distance  is  not  critical. 

Since  the  laws  of  conjugate  foci  were  not  known  when  de  Valdes's  book  appeared,  the 
scales  could  only  have  been  calibrated  empirically;  but  calculation  shows  that  the  graduations  are. 
on  the  whole,  remarkably  accurate.  The  complete  set  of  scales  permits  measurement  of  both  plus 
and  minus  lenses  up  to  a  power  of  30  grados. 


r,G  ir-!  Clne  °f  a  sel  of  scales  used  by  Daza  de  Valdds  <1623)  for  the 
rour-nftns  of  original  size.) 


measure  mem  of  lens  powers 
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Hie  method  could  easily  be  embodied  in  a  simple  piece  of  apparatus  in  which  the  lens  is 
mounted  on  a  sliding  carriage,  which  would  permit  a  direct  reading  Various  other  refinements 
.•adilv  suggest  themselves 

Alter  this  early  manifestation,  the  notion  of  a  numbering  system  based  on  power  did  not 
•  emerge  until  the  14th  century  A  firm  theoretical  basis  was  then  laid  by  J.F.W.  Herschel 
i ’47  ■I8"'U  In  the  article  on  'Light'  which  he  contributed  in  1827  to  Vo).  IV  of  the  Encvclo- 
\tfirnpohiarui.  a  masterly  exposition  of  both  physical  and  geometrical  optics,  he  developed 
:be  l. liter  on  the  basis  of  power,  curvature  (reciprocal  of  radius  of  curvature),  and  what  he  called 
proximity  '  Defined  as  the  reciprocal  of  the  distance  of  one  point  from  another,  this  term  is  the 
equivalent  ol  our  modern  vergence Herschel  derived  the  law  of  conjugate  foci  in  the  form 

/  -  t  +  /) 


ahkh  corresponds  to  our 


L  =  /.  +  F 


llerschel's  expression  for  the  ’ack  vertex  power  of  a  thick  lens  would  be  recognizable  almost  on 
sight  bv  a  present-day  student  of  optometry. 

By  the  time  Donders's  classic  work  appeared  in  1864,  the  world’s  leading  ophthalmologists 
wete  ready  to  adopt  a  power  numbering  of  spectacle  lenses,  but  they  seriously  disagreed  about  the 
unit  >1  power  Javal  and  others  favored  a  lens  of  240  cm  focal  length  as  the  basis  of  numbering, 
i  proposal  that  commanded  a  great  deal  of  support  at  one  time.  However,  it  was  vigorously 
opposed  by  Albrecht  Nagel  (1833-1895)  and  Monoyer,  who  advocated  the  meter  as  the  unit  of 
local  length  and  its  reciprocal  as  the  measure  of  power.  Writing  in  Annates  d’Oculisnque,  Monoyer 
'  I s’2 »  addressed  a  pe.sonal  appeal  to  his  compatriot  Javal  of  such  eloquence  and  cogency  that 
Java l  changed  his  mind  Donders,  loo,  was  persuaded.  It  is  altogether  appropriate  that  our 
present  lens-numbering  system  was  formally  adopted  in  1875,  the  year  in  which  the  Meter  Con¬ 
vention  took  place  The  name  given  to  the  new  unit  of  lens  power,  the  'dioptrie,'  had  been  sug¬ 
gested  bv  Monover  a  few  years  previously. 

Adoption  of  the  dioptric  system  of  lens  numbering  did  not  completely  solve  the  problem 
v  'hat  time  the  power’  of  a  lens  would  be  generally  understood  to  mean  its  equivalent  power, 
"te  reciprocal  of  the  equivalent  focal  length  in  meters  Unfortunately,  the  equivalent  focal  length 
s  measured  from  a  theoretical  axial  point  which  is  not  easy  to  locale.  Apart  from  this  practical 
Election,  it  is  now  self-evident  that  the  back  vertex  power  is  the  really  significant  quantity 
because,  taken  in  conjunction  with  the  vertex  distance,  it  completely  determines  the  effective 
power  of  any  lens  at  the  eye  (in  distance  vision) 

fo  the  best  of  my  knowledge,  it  was  Badal  (1883)  who  first  advocated  the  back  vertex 
power  as  the  most  convenient  and  logical  basis  for  spectacle  lens  numbering.  Some  five  years  ear- 
■r  in  1878,  Badal  had  described  a  simple  lens  measuring  instrument— the  Badal  phakometer— 
lor  recording  the  back  vertex  power  As  with  the  modern  focimeter,  the  back  vertex  of  the  lens 
under  test  was  placed  at  the  anterior  focal  point  of  a  built-in  lens  The  power  scale  thus  became 
line  ir  and  the  image  seen  by  the  examiner  remained  of  constant  apparent  size,  whatever  the 
power  of  the  lens  under  test  In  essence,  the  optical  system  of  Badal's  phakometer  is  that  of  the 
modern  focimeter  with  the  light  path  reversed.  Contrary  to  popular  belief,  the  modern  focimeter 
was  not  the  work  of  Carl  Zeiss  of  Jena  Its  original  inventor  appears  to  have  been  C  J.  Troppman 
t  Chi.  igo.  who  was  granted  U  S  patent  No.  1  083  309  in  1914.  Nevertheless,  it  is  to  the  Carl 
Zeiss  concern  and  their  scientific  director,  Moritz  von  Rohr  (1868-1940),  that  -e  are  indebted  for 
'he  first  realization  of  back  vertex  numbering  by  a  large  manufacturer  Theit  .omputed  series  of 
K.itrjl  and  Punktal  lenses,  introduced  shortly  before  1914,  were  all  made  to  a  back  vertex 
numbering  which  eventually  became  an  internationally  accepted  system. 

Incidentally,  in  the  same  article  in  which  he  advocated  a  back  vertex  numbering.  Badal  dis- 
.  -i^sed  the  question  of  spectacle  magnification,  taking  the  form  and  thickness  of  the  lens  into 
Kuiunt  His  conclusions  are  entirely  in  line  with  the  modern  presentation  of  the  subject,  apart 
tr  im  the  fact  that  he  took  the  eye's  nodal  point  instead  of  the  center  of  the  entrance  pupil  as  his 
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point  of  reference  Bailal  correctly  analyzed  spectacle  magnification  as  the  product  ol  two  ,..m. 
portents  which  we  now  term  the  power  factor'  and  the  shape  I actor  Moreover,  his  express,  r- 
tor  these  two  (actors  are  essentially  in  the  form  in  which  they  are  presented  in  current  textbooK', 
In  all.  Badal's  contributions  to  optometry  seem  to  have  missed  the  recognition  they  deserve 

Objective  Methods  of  Refraction 

An  objective  method  of  refraction  is  one  in  which  the  examiner  substitutes  Ins  own  op.!., 
ions  for  the  patient’s  This  classic  definition  is  largely  true  of  the  earlier  methods  in  which 
skill,  experience,  and  judgment  of  the  practitioner  play  a  decisive  role 

Skiascopy  — or  retinoscopy.  as  it  is  invariably  termed  in  Great  Britain  and  certain  nine' 
countries  — is  the  oldest  and  still,  perhaps,  the  most  widely  practiced  method  ol  objective  retrac¬ 
tion  It  was  an  offshoot  from  ophthalmoscopy  Sir  William  Bowman  (1859)  described  ho*  lie 
utilized  the  shadow  movements  produced  by  rotating  his  ophthalmoscope  mirror  to  detect  slight 
degrees  of  keratoconus  As  later  reported  by  Donders,  Bowman  used  the  same  technique  to 
detect  the  presence  of  astigmatism  and  to  locate  its  principal  meridians  At  that  time.  Bowman 
was  an  ophthalmic  surgeon  at  the  Royal  London  Ophthalmic  Hospital,  later  to  become  known 
Moorlields  Eye  Hospital 

However,  it  is  to  Ferdinand  Cutgnet  Id.  1889).  a  French  ophthalmologist,  that  we  are 
indebted  for  rediscovering  the  technique  and  developing  it  into  an  objective  method  of  refraction 
He  termed  it  keratoscopie— a  name  which,  like  several  others  coined  by  'ater  writers,  betrays  a 
certain  misconception  as  to  the  true  nature  of  the  pupillary  reflex.  Cuignet  expounded  his  new 
technique  of  refraction  in  a  series  of  papers  in  Reawil  d'Ophtahnoloxie.  the  first  in  1873  They 
were  difficult  to  follow  and  it  was  largely  through  the  efforts  of  Cuignet "s  junior  colleague  Mengin 
that  the  leading  French  ophthalmologists  of  the  day  were  induced  to  study  the  new  technique 
Thanks  to  the  work  of  Mengin,  Chibret.  and  especially  Parent  and  Landolt,  skiascopy  was  quickK 
placed  on  a  firm  theoretical  basis. 

Candles  or  oil  lamps  were  the  original  sources  of  illumination  The  first  self-luminous 
instrument  was  shown  at  Heidelberg  by  Hugo  Wolff  (1896).  but  the  simple  pierced  mirror,  plane 
or  concave,  persisled  for  many  decades. 

Several  important  variants  of  the  original  method  have  established  themselves  from  time 
to  time.  Streak  skiascopy  was  another  innovation  by  Wolff,  who  demonstrated  the  instrument  he 
had  designed  for  this  purpose  at  the  Heidelberg  meeting  of  1900  In  the  USA.  interest  in  the 
technique  was  re-awakened  by  Jacob  Copeland  (1927).  the  designer  of  a  streak  skiascope 

Dynamic  skiascopy  was  the  creation  of  Andrew  Jay  Cross  (1855-1925),  an  American 
optometrist  and  university  lecturer.  The  method  was  described  in  his  first  book,  published  in 
1903.  but  a  more  authoritative  exposition  is  to  be  found  in  a  later  work  that  appeared  in  1911 
The  year  previously.  Cross  had  obtained  a  U  S.  patent  (No  978  276)  for  the  dynamic  skiascope 
illustrated  in  Fig.  2-5.  It  incorporates  two  fixation  targets,  one  in  front  of  and  the  other  behind 
the  plane  of  the  mirror  Incidentally,  the  technique  of  asking  the  patient  to  "count  the  dots"  is 
not  of  recent  origin,  as  I  had  at  first  supposed,  but  was  originated  by  Cross  himself  In  fact.  Cross 
suggesled  the  further  stratagem  ol  disputing  the  patient's  count  so  as  to  maximize  his  attention 

Another  interesting  variant  attributed  to  Strampelli  and  before  him  to  Gullstrand  was 
taken  up  and  described  in  more  detail  by  Rosengren  (1948)  In  this  method,  a  direct  ophthalmo¬ 
scope  is  employed  to  send  light  into  the  patient's  eye,  with  the  axis  of  illumination  slightly  dis¬ 
placed  from  the  axis  of  observation  The  mirror  is  not  rotated  In  the  'reversal'  condition,  the 
subject  s  pupil  appears  to  be  uniformly  illuminated  but  the  presence  of  only  a  small  amount  of 
ametropia  will  displace  the  reflex,  so  that  a  shadow  appears  in  one  part  of  the  pupil 

A  more  recent  development,  “cylinder  dioptometry,"  was  described  in  1970  by  its  origina¬ 
tor.  Dr  Nathan  Ben-Tovim,  of  Tel-Aviv  The  new  technique,  which  is  claimed  to  be  extremely 
sensitive,  requires  the  construction  of  a  special  piece  of  apparatus  which  is,  however,  not  unduly 
complicated. 

Other  objective  methods  of  the  nonautomated  type  under  discussion  are  embodied  in  the 
various  forms  of  the  optometer  described  in  Chap.  3. 
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FIG  2-5.  The  dynamic  skiascope  patented  in  1910  by  A.  J.  Cross. 

Automated  Refraction 

An  objective  optometer  can  be  considered  as  automated  when  the  operator's  role  is  merely 
to  insure  that  the  patient  does  what  he  is  told  Such  an  instrument  is  doubly  objective,  inasmuch 
as  neither  the  operator's  nor  the  patient's  judgment  is  called  into  play. 

Possibly  the  first  instrument  to  satisfy  these  criteria  was  the  “electronic  refractionometer” 
patented  by  Geoffrey  Collins  (1939),  an  English  optometrist,  and  described  in  a  paper  he  pub¬ 
lished  in  1937  A  prototype  exhibited  in  London  at  that  time  aroused  great  interest.  Unfor¬ 
tunately.  further  development  was  stopped  by  the  outbreak  of  war  in  1939  and  was  never 
resumed  Nonetheless,  in  many  of  its  essential  features,  including  the  use  of  an  infrared  light 
source,  the  Collins  instrument  anticipated  several  of  the  objective  optometers  developed  in  the 
postwar  period 

Some  degree  of  automation  may  be  applied  to  subjective  refraction  as  well.  In  general,  an 
ophthalmic  prescription  contains  three  elements— sphere,  cylinder,  and  axis  direction— so  that  it 
should  theoretically  be  possible  to  deduce  the  prescription  from  no  more  than  three  relevant 
pieces  of  information  For  example,  the  refractive  state  of  the  eye  could  be  examined  in  three 
arbitrarily  selected  meridians,  by  means  of  only  spherical  lenses.  Under  the  stimulus  of  a  short 
but  thought-provoking  paper  by  Westheimer  (1957),  Bennett  (1960)  expounded  a  possible  basis 
for  such  a  technique. 

In  brief,  the  patient  views  a  distant  line  through  a  Scheiner  disk  with  the  orientation  of  the 
holes  perpendicular  to  the  line.  If  doubling  is  perceived,  it  is  eliminated  by  suitable  adjustment  of 
a  device  that  produces  continuously  variable  spherical  power.  This  maneuver  is  carried  out  in 
three  different  meridians;  the  simplest  set  to  handle  mathematically  is  vertical,  horizontal,  and 
45°,  in  any  order.  If  the  three  spherical  powers  recorded  in  these  meridians  are  denoted  respec¬ 
tively  by  V,  H.  and  M,  it  was  shown  that  the  prescription  was  deducible  from  the  following 
sequence  of  equations; 
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Axis  direction  <«)  -  0  5  arc  tan 
Cylinder  power  ((')  = 
Sphere  power  (.S')  = 


2 M  -  (H  +  n 


Two  special  cases,  in  which  at  least  one  of  the  above  expressions  becomes  indetermiruiv 
require  attention.  First,  if  the  ametropia  is  purely  spherical  we  have  //  -  V  -  \1  ”  V 
Second,  if  // -  V  =  0,  then  W  1  45°.  C  “  2 (H  M),  and  S'  =  M 

Another  method  of  dispensing  with  rotatable  cylinders,  which  has  several  adsantagcs 
including  that  of  utilizing  the  full  pupil,  is  incorporated  in  the  Humphrey  Vision  Analyzer  Model 
210  and  is  described  in  various  patents  (Humphrey  1974,  1975,  and  1976)  In  brief,  the  cylindri¬ 
cal  correction  required  is  supplied  by  two  variable-power  astigmatic  lens  units,  each  separately 
adjustable  so  as  to  produce  the  effect  of  a  Stokes  lens  or  cross  cylinder  of  any  desired  power  In 
such  a  lens,  the  powers  along  the  two  principal  meridians  are  equal  but  opposite  in  sign  and  the 
mean  is  thus  zero 

The  two  astigmatic  units  are  mounted  close  together  in  fixed  orientations  One  has  its  plus 
and  minus  axes  at  0°  and  90°  (or  vice  versa)  and  the  other  at  45°  and  135°  (or  vice  versa  i  It 
may  be  shown  mathematically  that  in  any  state  of  adjustment  the  combination  is  optically 
equivalent  to  a  single  cross  cylinder,  the  power  and  orientation  of  which  are  determined  solely  h\ 
the  strengths  of  the  two  components.  A  third  lens  unit  provides  variable  spherical  power 

A  simple  routine  of  refraction  has  been  devised  whereby,  after  the  spherical  power  has 
been  adjusted  to  give  best  vision  of  a  vertical  line,  the  cross  cylinder  at  axes  45°  and  135°  is 
adjusted  to  bring  this  line  into  sharp  focus  A  line  at  45°  then  becomes  the  test  object  for  setting 
the  other  cross  cylinder  with  its  axes  ai  0°  and  90°,  again  after  any  necessary  adjustment  of  the 
spherical  power.  A  microcomputer  performs  the  necessary  calculations  so  that  the  readout  can  be 
presented  in  the  conventional  sphero-cylindrical  form  of  lens  prescription 


Pre-computer  Aids  to  Calculation 

Of  all  the  various  aids  to  optometric  calculation  preceding  the  modern  computer,  two  main 
kinds  demand  attention:  specially  designed  sliderules  and  nomograms 

Numerous  optical  sliderules  varying  in  purpose  and  scope  have  been  produced  from  time 
to  time  The  earliest  known  to  me  was  devised  by  Javal  (1865).  At  that  time,  in  France,  specta¬ 
cle  lenses  were  numbered  by  focal  length  in  Paris  inches.  It  required  quite  an  effort  to  determine, 
for  example,  the  lens  equivalent  to  a  combination  of  a  -3'/j  and  a  -24  inch  Javai's  sliderule  noi 
only  gave  an  immediate  solution  to  such  problems  but  by  an  ingenious  choice  of  scale  factors  also 
dealt  equally  simply  with  problems  involving  prismatic  effects  and  ocular  convergence.  A  separate 
scale,  based  on  the  data  that  had  recently  been  published  by  Donders,  coped  with  problems  con¬ 
cerning  amplitude  of  accommodation  and  the  choice  of  reading  glasses. 

Another  sliderule  of  particular  interest,  designed  by  Professor  Rochat,  was  introduced  in 
the  1930s  by  Carl  Zeiss  of  Jena.  Its  main  purpose  was  to  solve  problems  relating  to  effectivity— 
for  example,  conversion  from  spectacle  to  ocular  refraction  (or  vice  versa),  compensation  for  ver¬ 
tex  distance  changes,  and  so  on.  Tapered  off  at  one  end  to  a  rounded  tip,  the  sliding  bar  served 
also  as  a  depth  gauge,  giving  readings  on  a  vernier  scale  to  the  nearest  0.1  mm  By  this  means 
the  vertex  depth  or  'sag  of  the  concave  back  surface  of  a  lens  could  be  measured  directly, 
thereby  simplifying  the  measurement  or  calculation  of  vertex  distances.  A  detailed  description  of 
the  Zeiss  sliderule,  together  with  many  worked  examples  illustrated  photographically,  was  given 
by  Theo.  E.  Obrig  (1935). 

A  sliderule  of  considerable  scope  and  ingenuity,  comprising  12  scales  in  all,  was  described 
by  its  designer,  Tien-Yung  Miao,  in  1945,  In  his  paper,  published  in  English,  the  author  states 
that  his  sliderule  had  been  successfully  employed  for  more  than  two  years  at  the  Institute  of  Avia¬ 
tion  Medicine  in  China. 

Nomography  was  the  creation  of  French  mathematicians,  notably  Maurice  d'Ocagne. 
whose  classic  treatise  on  the  subject  appeared  in  1899,  A  nomogram  is  a  graphical  representation 
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ii  .1  mathematical  equation  In  ns  simplest  form  it  reduces  to  a  doublesided  scale.  The  most 
,,  ntmon  type  ol  nomogram  embodies  a  formula  containing  three  variables,  each  represented  by  a 
separate  graduated  scale  A  cursor  or  index  line  laid  across  the  points  representing  known  values 
’  mi1  ot  the  variables  intersects  the  remaining  scale  at  the  point  giving  the  required  value  of  the 
:  bud  1  unknown  I  variable 

Many  nomograms  in  the  optical  and  optometric  fields  have  been  published  at  various 
tunes  and  Ken,  net  I  114481  has  perpetrated  a  lew  of  his  own  A  typical  example,  hitherto  unpub- 
:>hed.  is  shown  in  fig  2  6 

Ii  is  well  known  that  the  true  effort  of  ocular  accommodation  that  has  to  be  exerted  when 
ot  ametrope  views  a  near  object  through  distance-correcting  spectacles  is  not  the  same  as  the 
so  s  illed  spectacle  accommodation,'  which  is  simply  the  dioptric  equivalent  of  the  object  distance 
i tom  the  spectacle  plane  In  general,  myopes  need  to  accommodate  less  and  hypertropes  more 
thin  t he  spectacle  accommodation  If  a  spectacle  lens  of  typical  form  and  thickness  is  assumed, 
'tie  relationship  between  the  ocular  accommodation  A„  and  the  spectacle  accommodation  As  is 
given  to  a  reasonable  degree  of  accuracy  by  the  approximation 

L'  -  A,,/ A,  -  1  +  0.002 dF, 

,n  which  (/is  the  vertex  distance  in  mm  and  Ft  the  back  vertex  power  of  the  distance-correcting 
ens  Over  the  range  of  powers  4-8  00  to  -10  00  D,  the  error  due  to  the  approximation  nowhere 
.  Vseed' s  per  cent 

J  1  Pascal  ( 1452)  made  a  valuable  contribution  to  the  study  of  this  subject;  he  termed  the 
:  iif»v  L  the  accommodative  unit  "  Multiplied  by  the  spectacle  accommodation,  the  accommoda- 
ive  unit  gives  the  true  ocular  accommodation  required. 
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H<i  2  h  Nomogram  of  the  approximate  formula  O  -  I  +  0  002</A\  connecting  the  power  Fv  of  the 
liMance-correcting  lens,  the  vertex  distance  d  f in  mm),  and  the  accommodative  unit'  U. 
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Figure  2-6  is  a  nomogram  of  lhe  above  formula  Suppose  f\.  to  be  -8  00  D  and  J  to  be 
13  mm  A  cursor  or  straightedge  placed  across  these  points  would  be  found  to  intersect  the  L 
scale  at  approximately  0  79  Hence,  to  read  at  one-third  of  a  meter  < .4 s  -  3  00  D),  the  ocular 
accommodation  required  in  this  case  would  be  3  00x0  79  or  approximately  2  37  I)  Thanks  in 
effectivily.  a  built-in  reading  addition  of  0  62  has  been  provided 

In  effect,  the  nomogram  replaces  a  set  of  lables  Its  economy  and  elegance  appeal  to  the 
mathematical  mind,  but,  like  the  sliderule,  it  is  threatened  by  the  rising*  tide  of  computers 

Facial  Measurements  for  Frame  Fitting 

An  old  patent  (No  397  744)  granted  in  1889  to  E.  B  Meyrowitz  and  C  E  Dressier  is 
worthy  of  mention  here  because  its  object  is  the  automatic  recording  of  facial  measurements  lor 
frame  fitting  Though  the  means  employed  are  potentially  hazardous,  they  are  not  lacking  in 
ingenuity. 

The  main  features  of  the  device  are  illustrated  in  Fig.  2-7.  in  which  (a)  is  an  adjustable 
frame  with  curlside  temples  (not  shown  in  the  drawing)  The  complicated  bridge  assembly  is 
pivoted  at  the  top  so  that  the  projection  can  be  varied  A  set  of  vertically  sliding  rods,  the  lower 
ends  of  which  are  turned  through  a  right  angle  towards  the  patient,  automatically  adjusts  itself  lo 
the  patient’s  nasal  contour.  To  facilitate  determination  of  a  suitable  lens  size,  an  expanding  lens 
gauge,  shown  in  more  detail  in  (b),  is  mounted  on  each  side  of  the  frame  Each  is  separately 
adjustable  so  that  its  center  can  be  placed  in  any  desired  position  relative  to  the  pupil 

Pins  or  needles-both  terms  are  used  in  the  patent  specification -projecting  forward 
toward  the  operator  are  attached  to  the  center  and  extremities  of  each  principal  axis  of  the  lens 
gauge,  to  each  of  the  sliding  rods  of  the  bridge  assembly,  and  to  adjustable  members  at  the  right 
and  left  ends  of  the  frame.  In  addition,  a  vertical  triangular  blade  pointing  forwards  is  mounted 
on  each  side  of  the  bridge  assembly.  When  the  frame  has  been  satisfactorily  adjusted  and  the 
various  movable  parts  locked  in  position,  it  is  returned  (points  uppermost)  to  its  specially 


*But  inevitable  (Ed  ) 


view  On  naro'or.t  frnrnrefhfmhe  "lefsl;r'n*  device  l««Hed  by  Meyrowi.z  and  Dressier  <1899)  (a)  general 
view  tin  part)  ot  the  from,  (b)  more  detailed  drawing  of  the  expanding  lens-gauge 


designed  container,  in  the  lid  of  which  one  or  more  printed  cards  have  been  previously  positioned. 
I  he  lid  is  then  closed  When  the  box  is  re-opened,  a  series  of  pinpricks  will  be  found  on  the 
cordis),  recording  temple  width,  lens  dimensions  and  distance  between  centers,  and  nasal  contour. 
In  addition,  the  bridge  projection  is  given  by  the  length  of  the  vertical  slits  cut  by  the  triangular 

blades 

It  is  not  wholly  inconceivable  that  the  principle  of  this  device  may  find  some  future 
embodiment  in  a  more  sophisticated  form. 
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Chapter  3 

OPTICAL  SYSTEMS  FOR  THE  REFRACTIVE 
EXAMINATION  OF  THE  EYE 
Maxwell  M.  Lang 

’St  HI  MtRt  l)  AND  F  IFTY  years  ago  neither  the  eye  refractor  nor  the  trial  lens  set  had 
rvcn  indented  Although  the  use  of  loose  trial  lenses  was  mentioned  nearly  300  years  ago,  it  was 
-coils  Ponders  who  systematized  the  trial  case  and  trial  frame.  Some  of  the  first  lenses  used  for 
■I'hihjlmic  purposes  were  numbered  according  to  the  radius  of  curvature  of  the  optical  lap  on 
whuh  thev  were  ground  and  polished.  These  early  lenses  were  symmetrical,  having  surfaces  of 
equal  curvature  Indeed,  it  would  have  been  impractical  to  have  manufactured  them  in  any  other 
form  considering  the  magnitude  of  their  aperture.  Since  the  glass  commonly  used  in  their 
manufacture  had  a  refractive  index  of  approximately  I  S,  the  radius  of  curvature  of  the  optical  lap 
used  lor  each  of  the  equi-biconvex  or  equi-biconcave  lenses  was  very  nearly  equal  to  the  focal 
iength  of  ihe  lens  In  this  system,  measurement  was  in  inches  and  the  strength  of  each  lens  was 
expressed  as  the  reciprocal  of  the  focal  length  in  inches  or  the  lens  number.  Thus,  a  number  20 
iens  ot  20  inches  focal  length  was  assigned  a  strength  of  1/20.  A  major  disadvantage  of  this  sys- 
:em  was  that  the  lens  numbers  decreased  with  increasing  power  (Emsley  and  Swaine  1951, 
Rochester  1915,  Landolt  1886) 

This  method  of  numbering  created  a  problem  when,  as  frequently  is  the  case,  trial  lenses 
were  used  in  combination  Even  assuming  that  such  combinations  may  be  treated  as  if  they  were 
thin  lenses  in  contact,  calculations  involving  the  algebraic  addition  of  awkward  fractions  were 
it  ten  involved  in  order  to  evaluate  the  strength  and  hence  the  focal  length  of  each  prescription 
iens  Further  objections  to  the  original  system  of  numbering  were  variations  in  the  length  of  the 
standard  inch  in  different  countries  and  the  irregular  intervals  of  such  a  series. 

At  the  suggestion  of  Monoyer  (1872)  and  Nagel,  the  dioptric  or  metric  system  of  number¬ 
ing  lenses  was  adopted  All  the  objections  to  the  earlier  method  were  at  once  eliminated.  The 
■  i  icji  lengths  were  now  measured  as  fractions  of  a  meter.  Lens  strength  was  still  defined  as  the 
reciprocal  of  local  length  by  a  unit  called  the  diopter.  Eventually  trial  lens  sets  were  manufac- 
ured  from  one-eighth  diopter  intervals  in  the  low  power  range,  to  various  multiples  of 
me  eighth  diopter  intervals  in  the  higher  power  ranges.  Thus,  incremented  combinations  of 
lens  power  in  intervals  of  one-eighth  diopter  could  be  obtained  by  using  lenses  in  series.  The  use 
of  multiples  of  one-eighth  diopter  as  a  basic  incremental  unit  of  lens  power  immediately 
obviated  the  need  for  adding  small  fractions  in  order  to  obtain  the  final  prescription.  The  number 
defining  lens  strength  in  diopters  now  increased  with  the  strength  of  the  lens  and  was  therefore 
moo.  directly  related  to  the  magnitude  of  the  refractive  error,  whereas  in  the  original 
svstem  the  reverse  was  the  case 

Most  of  the  early  metric  trial  lenses  were  still  of  simple  equi-biconvex  and  equi-biconcave 
design  Jackson  (1887)  seems  to  have  made  the  first  major  departure  from  this  procedure  with  a 
’rial  lens  set  in  which  all  the  spherical  lenses  were  either  of  plano-convex  or  plano-concave  form. 
The  mounted  lenses  were  25  mm  in  diameter  He  claimed  that  the  use  of  piano-spherical  lenses 
permuted  more  convenient  combinations  of  lenses,  a  reduction  in  spherical  aberration,  and 
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better  facilities  for  lens  neutralization  A  U  S.  patent  for  a  reduced  aperture  trial  lens  set  wds 
granted  to  Meyrowitz  (1915) 

In  order  to  assess  the  magnitude  of  the  refractive  error,  it  was  necessary  to  hold  trial 
lenses  in  front  of  the  patient's  eye  in  some  convenient  lens  holder.  To  do  so  may  seem  to  he  a 
very  simple  matter  not  requiring  any  special  care,  yet  many  different  styles  and  shapes  of  trial 
frames  have  been  made  ranging  from  simple  dual  cell  nonadjustable  devices  (Light  weight.  I  ig 
3-1),  and  those  supported  by  the  head  rather  than  the  nose  and  ears  (Californian.  Fig  3-2i.  to 
rather  complicated  fully  adjustable  multicelled  frames  and  systems  such  as  the  I)e  Zeng 
Refraction  and  Muscle  Testing  Apparatus  (Fig.  3-2)  and  the  Skioptometer  (Fig.  3-4)  The  latter 
were  undoubtedly  forerunners  of  the  modern  eye  refractor.  The  successful  trial  frames  have  been 
relatively  comfortable  to  wear,  have  been  manufactured  from  a  light-weight  alloy,  and  ha\e 
permitted  free  adjustment  of  every  variable.  Jackson's  trial  frame  (1887)  weighed  less  than  one 
ounce. 

In  1912  Carl  Zeiss  introduced  a  series  of  lenses  in  which  back  vertex  power  was  used  as 
the  system  of  lens  numbering,  as  first  advocated  by  Badal  (1883).  Once  the  virtues  of  this  syv 
tern  were  understood,  back  vertex  trial  sets  began  to  appear.  However,  such  sets  were  not  addi¬ 
tive  and  combinations  of  spherical  and  cylindrical  lenses  in  series  could  produce  results  that  were 
significantly  different  from  the  algebraic  summation  of  the  labelled  powers  of  the  componem 
lenses. 

The  first  attempt  to  produce  a  truly  additive  trial  lens  set  is  described  in  a  U  S.  Patent  filed 
by  G.  A.  H.  Kellner  on  9  October  1916  and  awarded  on  7  May  1918.  The  patent  was  assigned  to 
Bausch  and  Lomb  Optical  Co.,  which  produced  the  lenses  under  the  name  of  Precision  trial  set 
In  this  series  Kellner  used  plano-convex  and  plano-concave  spherical  and  cylindrical  lenses  of 
uniform  aperture  (15  mm)  and  center  thickness  (18  mm)  throughout.  The  cylindrical  lens 
mountings  had  milled  edges  but  no  handles.  Thus  their  rotation  in  the  cells  of  the  trial  frame  was 
unobstructed.  It  was  a  necessary  feature  of  the  design  that  the  cylindrical  lens  was  always  placed 
in  front  of  the  spherical  lens  in  a  specially  designed  twin-cell  trial  frame  (Fig.  3-5).  Later,  two 
additional  carriers  were  provided  for  supplementary  lenses.  The  piano  surface  of  one  lens  should 
face  that  of  the  other.  This  arrangement  insured  that  the  thickness  of  the  air  space  between  any 
cylindrical  lens  and  any  spherical  lens  of  the  series  remained  constant  for  all  possible  combina¬ 
tions.  The  powers  of  the  cylindrical  lenses  were  all  computed  to  provide  the  prescribed  dioptric 
effect  at  the  back  vertex  or  second  principal  point  of  each  spherical  lens.  The  range  of  spherical 
lens  powers  was  from  ±0.25  to  ±20.00  diopters.  Both  spherical  and  cylindrical  lenses  were  pro¬ 
vided  in  intervals  of  0.25  diopter  up  to  ±3.50  diopters.  However,  the  intervals  were  reduced  to 
2.00  diopters  for  spherical  powers  in  excess  of  ±6.00  diopters.  Since  lens  position  was  of  vital 
importance  in  the  theory  of  the  design,  such  a  wide  interval  is  a  serious  limitation  of  the  system 
(Lang  and  Marg  1975).  Prentice  (1917)  in  an  appraisal  of  the  Precision  trial  set  writes  with  some 
affection  on  the  merits,  accuracy,  and  craftsmanship  of  it,  and  the  pleasure  he  has  had  in  correct¬ 
ing  astigmatism  with  it.  He  also  comments  on  the  manufacturer's  precaution  of  not  only  engrav¬ 
ing  the  axes  of  the  cylindrical  components  on  the  edges  of  the  glass  lenses  themselves,  but  also 
on  the  edges  of  their  carrier  disks. 

The  next  refinement  in  trial  lens  design  was  proposed  by  Tillyer  in  U.S.  Patent  No.  1  455 
457,  which  was  filed  5  September  1919  and  awarded  15  May  1923.  In  many  ways  Tillyer's  patent 
was  a  generalization  of  the  Kellner  system,  as  discussed  in  detail  below.  Tillyer  showed  that  a  set 
of  additive  vertex  power  trial  lenses  of  nonpiano  form  may  be  provided.  He  claimed  that  the  fol¬ 
lowing  criteria  only  need  be  observed. 

1.  The  cylindrical  lens  should  be  placed  in  front  of  the  spherical  lens  if  a  sphero-cylindrical 
combination  is  required. 

2.  The  distance  of  the  back  vertex  of  the  cylindrical  lens  from  the  front  vertex  of  the 
spherical  lens  must  be  held  constant  for  all  combinations  of  the  series. 

3.  The  front  surface  power  and  center  thickness  of  all  the  spherical  lenses  of  the  series 
should  be  constant. 


I  D  ME  V  NO W I 


IK i  '  *  flic  PreuMon  trial  frame 

I  .  ,  l.ii'.siu  is  independent  nl  l he  form  ol  the  cylindrical  lens  ll  is  surprising  that  nei- 
K,  ■  liilcer  seem  to  have’  considered  the  work  of  Mayer  <1909).  m  which  he’ 

,etises  ol  different  lorm  having  the  same  hack  vertex  power  are  not  necessarily 

. ties iiv*e  i..r  near  vision  Bennett  ( 1 9f>6 1  clearly  explains  this  principle  and  shows  that 

,  •  c's •  1 1" : ■  o's  svnthesi/ed  with  additive  vertex  power  trial  sets  of  the  Kellner  type  are  protv 
,  xeiv  to  he  replicated  hy  ordinary  spectacle  lenses  of  corresponding  power  This  was 
,  1 1 ■  v  tnc  view  ol  a  committee  appointed  in  1954  by  the  British  Ministry  of  Health  to 

.c  standards  lor  trial  case  lenses  Their  report  was  published  in  1956  and  slated  that  although 
•  ver’ex  powei  sets  ol  the  Kellner  type  do  solve  the  problem  of  lens  effeetivity 
■  •  c  usage  their  performance  for  near  use  is  often  inferior  to  other  systems.  The  com- 

•w  i:,|  :-,,.t  comment  on  the  Iillyer  design  but  proposed  that  certain  advantages  would  follow 
oh .n  ..I  the  Kellner  principle  in  reverse,  that  is.  if  the  spherical  lens  were  placed  in  front 
■  ■  .ii-ndric.il  lens  I  he  committee  claimed  that  this  procedure  would  insure  that  the  effective 
:■  .  ,  [s.iccr  ol  the  combination  was  always  correct  for  both  distance  and  near  usage  and  that 
......  ,plv.Tic.il  lenses  need  not  be  of  uniform  thickness,  larger  lens  apertures  than  those  advo- 

■>,  Kellner  v.»uld  be  used  The  Ministry  of  Health  Committee  on  Trial  Case  Lenses  also 

made  recommendations  on  manufacturing  tolerances  for  trial  lens  sets  These  proposals  were 
u.t'sequently  incorporated  in  British  Standard  No  .1162,  Ophthalmic  Trial  Case  Lenses  (1959). 

..ptu.il  firm  ot  Rjyner  and  Keeler  Ltd  includes  in  its  range  of  trial  lenses  an  additive 
>  i-M-wer  set  with  lenses  of  a  20-mm  reduced-aperture  type  It  is  claimed  that  both  lenses  and 
.i.mpic  with  the  requirements  of  the  British  standard  mentioned  above.  The  cylindrical 
.I’,-.-.  •■.  mounted  in  standard  38-mm-diameter  rims,  whereas  the  spherical  lenses  are  mounted 
•  -ms  .a  2h  mm  external  diameter  so  that  the  cylindrical  axis  marking  will  not  be  obscured. 
Vion-cr  teature  of  the  Rayner  and  Keeler  trial  set  is  that  the  spherical  lens  mountings  are  of  clear 
i-.’  .  wph  i  convex  spherical  Iront  surface,  which  serves  as  a  magnifier  for  the  axis  markings  on 
'.  itfi.iric.il  lenses  C  Davis  Keeler  l  td  has  also  produced  an  additive  vertex  power  trial  lens 
ts.iv.-i I  on  the  Ministry  of  Health  recommendations 

Sw.mn  1 19.19)  described  a  trial  case  made  to  his  specifications  as  the  largest  in  the  world, 
w  s  therefore  worthy  ol  mention  for  that  reason  alone  However,  it  did  possess  some  other 
.•mvi  features  It  contained  411  lenses  and  disks  An  electric  healing  element  was  fitted 
sen  I-  the  true  of  lenses  The  warmth  from  this  unit  removed  any  tendency  for  the  lenses  to 
t'lii  in  humid  davs  The  lenses  were  of  plano-sphencal  or  piano-cylindrical  form,  and  the  latter 
we',  .intrusted  to  indicate  the  axis  direction  There  was  a  spacing  of  0  5  in.  between  the  lens 


■.lots  in  the  trav  to  facilitate  easy  handling  Swann  claimed  that  it  was  a  rare  occasion  lot  m  - 
than  oik  spherical  and  one  cylindrical  lens  to  be  required  for  synthesizing  a  refractive  correct  lot; 

Parallel  to  developments  and  refinements  in  the  design  ol  trial  lens  sets  was  the  appeal 
ance  of  a  variety  of  ingenious  hand  held  and  stand-supported  devices  lor  measuring  the  refract. w 
and  accommodative  powers  of  the  eye  Ihese  instruments  are  called  optometers,  and  have  h ,o i  i 
mixed  reception  The  term  optometer  seems  to  have  been  first  used  by  Porterfield  ( 174?)  Ih.w 
ever,  the  research  into  optometers  does  represent  an  attempt  to  simplify  or  perhaps  oversimplih 
the  task  ol  measuring  ametropia  Optometers  may  he  classified  broadly  into  two  mam  groups 
subjective  optometers,  in  which  the  result  is  substantially  dependent  upon  the  response  ol 
patient;  and  objective  optometers,  in  which  the  result  is  to  a  large  extent  independent  ol  th. 
patient's  response 

Subjective  optometers  may  he  further  subdivided  as  follows,  according  to  the  essential 
feature  of  their  optical  design 

a  The  single  convex  lens 
b  The  Galilean  telescope, 
c  The  astronomical  telescope 
d  The  Schemer  experiment 
e.  The  chromatic  aberration  of  the  eye 

The  Single  Convex  Lens 

The  simple  optometer  consists  of  a  suitable  test  field,  which  may  be  moved  along  a  rod  or 
tube  in  front  of  a  convex  lens.  The  latter  occupies  the  spectacle  plane  of  the  eye  being  exam¬ 
ined.  The  test  field  is  located  in  the  anterior  focal  plane  of  the  optometer  lens  in  emmeiropia 
In  myopia  the  test  field  must  be  moved  closer  to  the  optometer  lens  so  that  a  divergent  beam  of 
tight  reaches  the  patient's  eye  as  if  it  had  originated  from  the  patient's  far  point  In  hypermetm- 
pia  the  test  field  should  be  moved  in  the  reverse  direction  so  that  the  light  refracted  bv  the 
optometer  lens  converges  on  the  far  point  of  the  eye.  In  each  case  the  movement  of  the  test  ur¬ 
ge!  may  be  used  to  determine  the  magnitude  of  the  ametropia  The  rod  on  which  the  tesi  held 
moves  may  be  calibrated  for  a  direct  readout  of  the  result  Admirable  as  this  simple  device  may 
appear  to  be  in  theory,  the  results  obtained  in  practice  are  very  unreliable,  mainly  owing  to  the 
patient's  awareness  of  the  nearness  of  the  lest  field,  which  provides  a  very  strong  stimulus  to 
accommodation.  The  single  convex  lens  is  the  simplest  means  of  varying  the  vergenee  of  the 
beam  reaching  the  patient's  eye  It  has  been  therefore  used  frequently  in  optometers  C’occt us 
(1851),  von  Hasner  (1851),  Smee  (1854),  von  Graefe  (1863).  von  Burow  (1863).  Donders 
(1864),  Laurence  (1865).  Bada!  (1876).  Burchardt  (1876).  Sous  (1881).  and  others  have  made- 
use  of  this  principle. 

In  order  to  overcome  this  defect  of  the  simple  optometer,  a  number  of  instruments  were 
designed  with  an  optical  system  that  provided  a  retinal  image  of  relatively  constant  size  regardless 
of  the  position  of  the  test  field  It  was  hoped  that  such  a  system  would  not  only  obviate  the 
stimulus  to  accommodation,  but  also  avoid  the  recognition  of  blurred  magnified  images  of  the 
test  field. 

In  arrangements  due  to  Badal  and  to  Burchardt.  the  second  principal  focus  of  the  optome¬ 
ter  lens  coincides  with  the  nodal  point  of  the  eye,  an  idea  originally  said  to  have  been  conceived 
by  Nagel  (Sr  ).  Thus,  test  objects  subtend  equal  visual  angles  in  the  emmetropic  and  axially 
ametropic  eye.  However,  it  is  easy  to  show  that  the  retinal  image  in  such  systems  becomes 
larger  as  the  length  of  the  eye  increases.  A  more  serious  disadvantage  of  this  arrangemem  is 
that  the  results  are  given  in  terms  of  nodal-point  refraction  rather  than  spectacle-point  refraction 
Badal  s  optometer  (1876)  consisted  of  a  cylindrical  tube  about  30  cm  long  with  an  eye  hole  at 
one  end  A  convex  lens  of  63  mm  focal  length  was  fitted  into  the  tube  so  that  one  principal  focus 
coincided  with  the  eye  hole.  Behind  the  lens  a  transilluminated  test  field  could  be  moved 
along  the  axis  of  the  lube  by  means  of  a  rack  and  pinion,  thus  controlling  the  vergenee  of  light 
leaving  the  optometer  lens.  The  test  fields  were  interchangeable  and  the  optometer  was 
mounted  on  an  adjustable  stand.  The  range  of  measurement  of  this  instrument  extended  front 


•  I'  ’ll  diopters  II  the  optometer  is  arranged  so  lh.it  the  second  principal  locus  of  the 
.meter  lens  coincides  with  the  .interior  local  poult  of  the  eye.  as  advocated  by  Badal.  then  a 
p  it .illcl  to  the  principal  axis  ol  the  optometer  before  refraction  is  parallel  to  the  principal  axis 
t  pie  ere  .it let  retraction  In  this  arrangement  of  the  Badal  optometer  the  principle  of  equality  of 
■  nil  image  si/e  is  preserved,  but  the  awareness  ol  nearness  of  the  object  is  substantially  eiim- 
pad  I  lie  instrument  scale  is  linear  with  such  an  arrangement 

\n  optometer  described  b\  Bull  (1887)  for  rapid  refraction  was  a  hand-held  graduated  opt- 
.  u  Petuli  containing  test  targets  and  an  astigmatic  chart  on  a  slide  at  one  end  and  a  complex  eye 
piece  consisting  of  three  movable  lenses  at  the  other  d  ig  3  hi 


Huron,  s  optometer  (18b3)  consisted  of  a  telescopic  tube  operating  through  a 

■  i. k  and ■  pi n ion  system  At  the  ocular  end  of  the  lube  was  a  convex  lens  of  4  in.  focal  length;  at 

.  other  end.  a  ground-glass  plate  containing  test  types 

I  hinders  (18641  described  an  optometer  based  upon  an  invention  of  von  Hastier  (1851). 
h  consisted  ot  a  hoard  nearly  5  feet  long  and  9  Parisian  inches  wide,  it  was  equipped  with  3 
grooves  which  were  parallel  to  the  long  axis  of  the  board  In  these  grooves,  a  wire  optometer 
'U Id  he  moved  The  distance  between  the  external  grooves  was  just  under  60  mm.  If  the  wire 
pi. .meter  was  moved  along  the  middle  groove  both  eyes  contributed  equally  to  the  convergence. 
V  recess  was  cut  into  one  end  of  the  board  to  accommodate  the  patient's  nose.  In  front  of  his 
"■es  were  two  lens  holders  The  head  was  supported  by  two  adjustable  rods  on  which  the  cheeks 

■  .sled 

So  bioad  were  Javal's  interests  that  it  is  not  surprising  that  he  also  turned  his  attention  to 
.  design  ol  optometers  One  optometer  resembled  a  Brewster  stereoscope  mounted  on  a  stand. 
It".  1  uget  held  was  in  the  form  of  a  stereoscopic  plate  comprising  two  circles  with  the  distance 
•'■.tween  their  centers  corresponding  to  the  interpupillary  distance  One  circle  was  divided  into  30° 
segments  hv  twelve  radiating  lines  labelled  I  to  XII  If  the  visual  axes  were  parallel,  the  two  cir¬ 
cles  were  lused  into  a  single  percept  By  means  of  a  rack  and  pinion  the  target  field  could  be 
"loved  iw.iv  Irom  the  patient  until  lust  one  radiating  line  remained  distinct  The  direction  of  this 
He  corresponded  to  the  meridian  of  highest  refraction  Behind  the  optometer  lens  was  a  series  of 
.'"Have  cylindrical  lenses  which  were  actuated  by  a  system  of  planetary  gears  so  that  they  could 
ill  he  rotated  into  position  in  front  of  the  eye  at  the  same  axis  for  measuring  purposes.  Javal  is 
.reduc'd  with  a  second  optometer  consisting  of  a  disk  of  positive  and  negative  cylindrical  lenses 
•  uiging  in  power  from  0  to  7  diopters  Both  disks  could  be  rotated  on  a  common  spindle  and  a 
;'!  inetarv  system  similar  to  that  described  above  was  retained  for  axis  control.  The  disks  were 
-Me h  about  30  cm  in  diameter  and  the  whole  unit  was  mounted  on  a  heavy  castiron  stand.  This 
iKtrument  was  most  certainly  the  predecessor  of  the  modern  eye  refractor  (Fig.  3— 7a ) .  This 
optometer  was  first  described  by  Gavarett  (1890) 

Another  novel  device,  and  certainly  one  of  the  forerunners  of  the  modern  binocular  eye 
'•.'tractor.  was  the  optometer  of  Le  Mehautd  This  device  was  an  attempt  to  displace  the  trial 
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I  Ki  3  7h  Snellen's  binocular  optometer 


frame  and  lens  set  by  a  portable  apparatus  consisting  of  a  right-eye  and  left-eye  battery  of  sen 
small  spherical  lenses  coupled  together  by  an  adjustable  nasal  base  lilting  The  interpupillary  cits 
tance  of  the  optometer  was  also  adjustable  and  external  cells  were  provided  for  the  insertion  ot 
cylindrical  lenses 

Smec  <18541  devised  an  instrument  called  a  visuometer,  constructed  according  to  a  princi 
pie  put  forward  by  Hawkins  and  used  for  determining  the  range  of  accommodation  and  conver¬ 
gence  It  consisted  of  a  graduated  optical  bench  along  which  test  fields  could  be  moved  At  the 
ocular  end  were  lour  convex  lenses  ol  powers  2.  4.  8.  and  !6  diopters  The  test  fields  were 
observed  through  'one  of  these  lenses  A  full  description  of  Smec's  visuometer  was  given  hr 
Donders  1 1864) 

The  Galilean  Telescope 

Galileo  s  telescope  consists  of  a  relatively  high-power  negative  eyepiece  and  a  relatively 
low-power  positive  objective  lens  By  varying  the  separation  of  the  two  lenses  the  vergence  of 
light  leaving  the  eyepiece  may  be  controlled  and  used  to  measure  the  refractive  state  of  the  eye 
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\  < m  tirade  ( 1863)  seems  to  have  been  first  to  document  the  use  of  the  principle  of  the  Galilean 
telescope  as  an  optometer  Unfortunately,  von  Graete  used  lenses  of  low  power,  which  produced 
undesirable  differences  in  the  magnification  of  the  retinal  image  as  the  vergence  changed  Snellen 
taler  reduced  the  magnitude  of  this  problem  by  using  a  Galilean  system  consisting  of  a  -40  diopter 
etepieee  and  a  +20  diopter  objective  Of  course  changes  in  separation  of  the  the  lenses  were 
more  critical  Snellen  recommended  that  the  instrument  be  used  btnocularly  in  the  interests  of 
relaxing  the  patient's  accommodation  for  this  reason  Snellen  mounted  the  eyepiece  and  objec- 
iive  lenses  in  a  double  spectacle  frame  in  which  ihe  pair  of  objectives  were  shifted  by  means  of  a 
twin  rack-and-pimon  system  (fig  3- 7b) 

The  Astronomical  Telescope 

The  principle  of  the  astronomical  telescope  has  also  been  frequently  used  to  form  an 
optometer  The  image  is  inverted  but  otherwise  this  system  is  more  efficient  than  the  Galilean 
telescope  since  the  exit  pupil  of  the  optometer  may  be  made  to  coincide  with  the  entrance  pupil 
of  the  eve  The  field  of  view  is  larger  than  that  of  the  Galilean  telescope  and  the  real  images  pro¬ 
duced  by  the  objective  can  he  accurately  located  on  a  suitable  graticule  and  measured  directly. 

1  lie  problem  of  the  inverted  image  is  readily  solved.  As  with  all  telescopes,  the  vergence  of  light 
leaving  the  eyepiece  may  be  controlled  by  variations  in  the  separation  of  the  eyepiece  and 

I'bieitive 

llirschberg  (1877)  devised  an  optometer  based  on  the  principle  of  the  astronomical  tele- 
sv"pe  The  focal  length  of  the  objective  was  40  5  mm;  that  of  the  eyepiece,  27  mm.  The  lenses 
acre  mounted  at  the  ends  of  two  lubes,  telescoped  by  means  of  a  rack  and  pinion  The  instru- 
ment  was  capable  of  measuring  hypermetropia  and  myopia  of  12.33  diopters  by  changing  the 
separation  of  the  lenses  through  a  distance  of  215  mm  from  60.5  mm  to  82  mm.  The  instrument 
was  calibrated  in  intervals  of  0.5  diopter  Uirschberg  drew  attention  to  the  fact  that,  unlike  the 
wahlean  telescope,  the  astronomical  telescope  could  be  reversed  and  still  remain  an  optometer. 
Duly  ihe  constants  of  the  instrument  have  to  be  changed.  Thus,  a  reading  for  each  position  of 
ihe  instrument  provided  the  practitioner  with  a  means  of  verifying  the  result. 

One  serious  disadvantage  of  any  telescopic  optometer  is  the  magnitude  of  the  displacement 
I  its  components  for  a  reasonably  usef  ul  measuring  capacity.  This  difficulty  was  overcome  to  a 
large  extent  in  some  instruments  by  the  use  of  a  total  internal  reflection  prism  The  Ruka  Varia- 
iot  designed  by  Thorner  and  manufactured  by  Runge  and  Kaulfuss  is  an  example  of  such  an 
instrument  in  which  ihe  objective  and  eyepiece  of  the  optometer  remain  stationary  while  their 
effective  separation  is  changed  by  a  factor  of  two  by  a  shift  in  the  position  or  a  total  reflection 
prism  along  ihe  optical  axis  of  the  optometer  The  instrument  was  calibrated  on  the  movement  of 
the  prism  and  is  referred  to  later 

All  monocular  optometers  stimula'e  active  accommodation.  This  inherent  anomaly  of  the 
device  almost  invariably  leads  to  the  measurement  of  excessive  amounts  of  myopia  and  reduced 
amounts  ol  hypermetropia  However,  it  is  interesting  to  know  that  there  has  been  a  recent 
revival  of  interest  in  a  telescopic  optometer  by  Guyton,  who  was  awarded  a  U  S  Patent  in  1972. 

The  Scheiner  Experiment 

Christoph  Schemer  (1619),  a  contemporary  of  Newton,  is  perhaps  best  remembered  for 
wh.it  is  still  called  Schemer's  experiment  The  experiment  proved  that  the  eye  cannot  accommo¬ 
date  simultaneously  for  a  distant  and  near  object  The  experiment  is  familial  to  most  students  of 
elementary  physiological  optics  If  the  pupil  of  the  eye  is  covered  by  an  opaque  baffle  containing 
'wo  pinholes  separated  by  a  distance  that  enables  them  both  to  be  included  in  the  area  of  the 
pupil,  objects  in  planes  other  than  the  plane  of  focus  will  be  seen  in  diplopia,  owing  to  the  forma- 
'mn  of  pairs  of  relatively  small  separated  blur  circles  on  the  retina.  Scheiner  could  not  or  did  not 
explain  his  experiment  This  task  was  left  to  Jacob  de  la  Motte  of  Danzig  (Shastid  1917).  How¬ 
ever  Schemer's  principle  did  provide  the  basis  for  the  development  of  several  varieties  of  optom- 
eiers.  including  the  Acuity  Systems  6600  Autorefractor.  The  first  of  these  optometers  was 
attributed  to  Porterfield  (1759)  Porterfield’s  optometer  was  further  developed  by  Young 
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(1801)  Later  Young's  optometer  was  simplified  by  l.ehot  (182V)  All  these  instruments  sons  - 
of  a  small  black  board  along  which  is  stretched  a  fine  white  thread  The  board  is  held  horizontal!, 
so  that  the  patient  s  eye  is  at  one  end  of  the  white  line  The  eye  views  ihe  line  through  a  bailie 
containing  a  row  of  urn  apertures  The  baffle  is  placed  very  close  to  the  eye  Ihe  line  is  sec" 
singly  only  at  a  point  which  is  conjugate  with  the  retina  Tlsewhere  it  is  seen  as  a  sel  ol  multiple 
lines  diverging  forward  and  backward  from  this  point  The  observer  will  see  as  many  lines  as  itic 
number  of  tiny  baffle  apertures  contained  in  ihe  area  of  the  pupil  Young's  main 
interest  in  the  optometer  was  to  measure  accommodation  In  the  lorm  devised  by  Young  its  use 
was  limited  to  measurement  of  myopia  and  the  punctum  proximum  According  to  Lamlnlt 
(1886).  its  versatility  was  increased  by  the  addition  of  a  strong  convex  lens,  which  he  attributes  to 
Stampf'er  Stampfer  used  a  tube  containing  two  diaphragms  The  one  at  the  eyepiece  was 
equipped  with  two  slits  a  little  over  1  mm  apart  and  each  about  0  7  mm  wide  The  tube  was  fur¬ 
nished  with  a  convex  tens  of  about  8  diopters  The  diaphragm  on  the  other  side  of  the  lens  con¬ 
tained  a  single  slit  of  0  I  mm  width,  which  was  covered  with  ground  glass  This  slit  was  parallel 
to  those  in  the  eyepiece.  Measurement  was  made  by  moving  the  second  diaphragm  along  the  axis 
of  the  instrument  until  the  slit  appeared  single  Thus  the  artificial  far  point  of  the  eye  is  known 
Ihe  magnitude  of  the  ametropia  was  easily  obtained  by  subtraction  of  the  effect  of  the  optometer 
lens  This  instrument  was  suitable  for  measuring  astigmatism  and  is  basically  the 
design  currently  being  employed  by  some  manufacturers  in  F.urope.  where  more  sophisticated 
versions  of  these  instruments  still  enjoy  some  popularity 

Another  optometer  based  upon  the  Scheiner  principle  was  the  prisoptometer  of  Culbertson 
(1886)  The  optical  system  consisted  of  a  single  glass  prism,  the  apex  of  which  divided  a  small 
circular  aperture  in  a  baffle  into  a  bipartite  field  The  baffle  and  prism  could  be  rotated  through 
360°  The  patient  viewed  a  distant  white  circle  through  the  bipartite  field  The  monocular  diplo¬ 
pia  induced  by  the  prismatic  eyepiece  of  the  instrument  was  such  that  the  two  circles  just  touched 
tangentially  in  emmetropia,  overlapped  in  myopia,  and  appeared  separate  in  hypermetropia 
Astigmatism  was  detected  by  revolving  the  bipartite  prism  field  An  improved  commercial  version 
of  the  optometer  with  cells  for  carrying  corrective  lenses  was  patented  in  1904  and  manufactured 
by  Standard  Optical  Co.  of  New  York. 

Holden's  optometer  was  yet  a  further  example  of  the  extent  to  which  the  Scheiner  experi¬ 
ment  has  been  used  in  optometer  design.  This  instrument  consisted  of  an  opaque  disk  containing 
two  perforations,  1  mm  in  diameter  and  4  mm  apart.  A  vertical  prism  of  red  glass  was  placed  in 
front  of  one  of  the  perforations  The  disk  was  placed  before  the  patient’s  eye  with  the  perfora¬ 
tions  occupying  a  horizontal  line  in  the  pupillary  area.  On  viewing  a  small  distant  light  source,  the 
emmetrope  will  report  that  two  lights  are  observed  in  vertical  alignment,  whereas  the  ametrope 
will  report  that  the  red  and  white  lights  occupy  an  oblique  meridian 

Landolt  (1886)  describes  another  optometer  based  on  the  measurement  of  blur  circles 
The  inventor  was  Thomson,  an  American  ophthalmologist.  The  instrument  was  called  an 
ametrometer  (Fig.  3-8).  A  and  B  were  small  gas  flames.  A  was  stationary;  B  could  be  moved 
along  a  graduated  scale  T  by  means  of  slide  C.  A  and  B  could  be  separated  by  up  to  30  cm.  By 
raising  or  lowering  the  scale,  B  could  be  made  to  rotate  around  A  through  an  angle,  the  magni¬ 
tude  of  which  was  shown  on  scale  F.  The  gas  flames  were  each  about  5  mm  in  diameter  and  were 
observed  at  a  distance  of  about  5  meters.  An  emmetrope  observed  two  clear  small  luminous 
sources.  An  ametrope,  on  the  other  hand,  observed  two  blur  circles,  the  sizes  of  which  were  pro¬ 
portional  to  the  degree  of  ametropia.  This  size  was  measured  by  movement  of  the  source  B  until 
the  two  blur  circles  just  touched  tangentially.  The  distance  between  A  and  B  was  equal  to  the 
diameter  of  each  blur  circle.  This  result  was  directly  related  to  the  ametropia,  which  could  be  read 
off  the  scale.  Based  upon  an  observation  of  Czermak  (1850),  Thomson  also  described  a  method 
of  determining  the  nature  of  the  ametropia.  A  red  filter  was  moved  into  the  field  of  the  pupil, 
which  caused  each  blur  circle  to  appear  as  if  the  red  filter  was  moving  across  it.  In  hyperopia  the 
movement  seems  to  be  in  a  direction  opposite  to  that  of  the  filter  whereas  in  myopia  it  seems  to 
be  in  the  same  direction  as  the  filter.  This  observation  is  easily  explained.  In  the  case  of 
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hyperopia  ihe  colored  portion  of  the  refracted  cone  of  rays  is  intercepted  by  the  retina  before  it 
reaches  a  focus.  The  reverse  occurs  in  myopia.  The  inversion  of  the  projected  retinal  images  in 
each  case  gives  rise  to  the  perceived  effect.  In  astigmatism  the  diffusion  patches  appear  to  be 
elliptical.  In  these  cases  source  B  would  be  rotated  around  source  A  so  that  the  two  principal 
meridians  as  well  as  the  magnitude  of  the  astigmatism  could  be  found. 

Mile  <  1 837 )  demonstrated  that  if  the  more  distant  of  two  spatially  separated  objects  is 
viewed  mnnocularly  through  a  single  small  pinhole  in  a  baffle,  any  slight  movement  of  the  pinhole 
across  ihe  pupil  causes  the  nearer  of  the  two  objects  to  appear  to  move  in  the  opposite  direction, 
i  in  changing  fixation  to  the  nearer  object,  the  more  distant  one  appears  to  shift  in  the  same  direc¬ 
onn  as  ihe  moving  pinhole  The  principle  of  this  observation  has  been  used  to  measure  ametro¬ 
pia  and  is  related  to  the  movement  of  the  speckled  pattern  in  the  gas  laser  optometer. 


The  Chromatic  Aberration  of  the  Eye 

l.andolt  11886)  described  the  theory  of  an  optometer  composed  simply  of  a  disk  of  cobalt 
class  Such  a  glass  transmits  a  relatively  high  proportion  of  red  and  blue  light  but  absorbs  the 
middle  region  of  the  visible  spectrum  The  basis  of  measurement  depends  on  the  fact  that  the 
nu man  eye  exhibits  a  significant  amount  of  chromatic  aberration  If  a  small  source  of  white  light 
s  observed  through  a  cobalt  glass  filter,  the  power  of  the  eye  is  less  for  the  transmitted  red  light 
■h.m  tor  the  transmuted  blue  light  Thus,  in  hypermetropia,  the  combination  of  blur  circles  on 
he  reiinj  results  in  the  central  portion  of  the  image  having  a  more  bluish  appearance  to  the 
p.i’ieni.  whereas  in  myopia  it  should  have  a  more  reddish  appearance.  In  the  emmetropic  eye,  the 
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Rodenstock  Relractometer.  the  I  hornet  I  ve  Relractometer  i he  /ciss  Par.ill.ix  Relr.iuiuinim.-'  ■ 
and  i he  I  inchum  Coincidence  Optometer  I  lie  optical  design  ol  these  instruments  is  m  .dm 
every  respeei  similar  to  that  ol  the  suhiectixe  optnmeters  The  single  design  le.itmc  ••  : 
differentiates  one  group  from  the  other  is  the  principle  ol  reversibility  ot  tile  optical  path  rays  n 
follow  a  speeilic  palhwav  through  an  optical  system  retrace  that  same  pathway  d  the  directmi  ■  ' 
the  light  is  reversed  [he  response  is  thus  transferred  Irom  the  patient,  for  whom  a  deal  ret  '  -. 
image  provides  the  stimulus,  to  the  practitioner,  lor  whom  a  clear  image  ol  the  patient  s  f. .v  : 
provides  the  stimulus 

Among  the  simplest  forms  of  objective  optometer  are  the  direct  and  indirect  ophth, i!mi< 
scope.  In  the  former  case,  lenses  are  interposed  between  the  eye  ol  the  patient  and  the  pr.uti 
tinner  to  compensate  lor  the  algebraic  sum  of  manifest  retractive  errors  of  both  In  the  l.ii’-,: 
instrument  a  strong  convex  lens  is  used  to  form  an  inverted  real  image  ol  the  tundus  in  the  space 
between  the  patient  and  the  practitioner  Fins  image  could  be  in  theory  received  on  an  externa.' 
screen,  a  procedure  that  is  not  practical  under  ordinary  circumstances,  since  there  is  usu.ita 
Insufficient  light  for  the  purpose  Under  special  circumstances,  such  as  lundus  photography 
intensity  of  the  source  may  he  momentarily  increased  In  applying  the  principle  ol  induce 
ophthalmoscopy  to  the  optometer,  the  first  requirement  is  to  determine  the  distance  lor  the  con¬ 
vex  ophthalmoscope  lens  at  which  an  inverted  image  of  the  fundus  is  formed  To  find  its  posi¬ 
tion.  Loiseau  and  Wurlomant  (1879)  used  a  plane  polished  glass  that  occupied  only  a  portion  "I 
the  tuhe  of  the  instrument,  which  they  called  an  ophthalmoscoptometer  They  placed  the 
reflector  between  the  lens  and  the  eye  under  examination  in  order  to  avoid  the  inconvenience  ol 
illumination  from  behind  the  screen  and  reflections  from  the  ophthalmoscope  lens  However. 
they  were  forced  to  use  a  transparent  mirror,  which  considerably  reduces  its  reflecting  power  and 
thus  the  illumination  of  the  fundus  and  the  inverted  image. 

Schmidt-Rimpler  (1877)  introduced  an  ingenious  idea  for  measuring  the  ametropia  h\ 
focusing  the  image  of  an  object  on  the  fundus  by  means  of  the  combined  dioptric  system  ol  the 
optometer  lens  and  the  eye.  The  optical  system  is  illustrated  in  Fig  3-9.  When  the  convex  lens 
L  is  placed  in  front  of  an  eye  so  that  its  second  principal  focus  coincides  with  the  anterior  princi¬ 
pal  focus,  anterior  principal  point,  or  anterior  nodal  point,  the  position  of  an  object  ().  or  the 
image  of  a  source  such  as  S  formed  at  O  by  the  concave  mirror  .V/.  is  always  at  the  same  distance 
from  the  lens  L  when  it  is  clearly  focused  on  the  retina  of  the  eye  with  ametropia  ol  sinnlui  mag¬ 
nitude  The  plane  containing  O  also  contains  a  clear  inverted  image  of  the  patient's  fundus 
Thus  the  source  image  O.  which  may  be  any  suitably  illuminated  target  such  as  a  grid  at  S  and 
the  clear  inverted  image  of  the  patient's  fundus,  will  be  visible  to  an  observer  looking  through  the 
central  aperture  C  of  the  mirror  M.  The  point  O  and  the  clear  image  of  the  fundus  shifts  Irom 
the  anterior  principal  focus  of  the  lens  i  in  a  manner  directly  proportional  to  the  magnitude  ot 
the  ametropia  by  an  amount  expressed  in  meters  per  diopter  of  ametropia,  which  is  equal  to  the 
reciprocal  of  the  squared  dioptric  power  of  the  lens  /.  The  magnitude  of  this  shift  is  therefore  a 
measure  of  the  ametropia  The  two  images  are  formed  farther  away  from  the  lens 


FIG  3-9.  Schmidt-Rimpler  principle 


‘u  per  nidi  opi.i  and  nearer  to  it  in  myopia  I  he  basic  optical  principles  of  this  system  have  been 
,  ,1  in  some  ophthalmoscopes  and  many  of  the  ohiective  optometers 

I  he  modern  eye  retractor  seems  to  have  evolved  from  attempts  to  produce  more  sophixli- 
,  si  'ii.il  trames  [he  instruments  that  are  available  today  did  not  emerge  fully  developed  from 
mind  "I  any  single  inventor  Ihey  are  the  products  ol  the  investigations,  devices,  experi- 
•  .  s  and  suggestions  ol  a  variety  of  enthusiastic  students  ol  optics,  physiology,  optometry,  and 
"i  ilmologv  fundamentally  they  are  based  on  the  laws  ol  optics  as  applied  to  vision  care 

Some  ol  the  early  instruments,  called  phoromelers.  were  used  in  conjunction  with  trial 
.•is  sets  Ihev  were  designed  specifically  for  investigating  ocular  motility  Following  von 
r  i •  icle  s  investigation  ol  phorias  with  a  hand  held  prism,  the  first  of  these  new  instruments  was 
S  evens  s  binocular  phorometer  which  appeared  in  1888  This  instrument  is  an  integral  part  of 
■i.i'iv  modern  eve  refractors  and  is  so  well  known  that  little  need  he  said  about  it. 

Ihe  limitations  of  the  Stevens  phorometer  were  overcome  by  Wilson  His  instrument 
. .  usisted  ol  two  cells  lilted  w  ;h  a  spirit  level  lor  alignment  purposes  and  supported  on  an  adju- 
v  ,'vic  ,i.md  f  i xeil  prisms  contained  in  a  suitable  holding  disk  could  be  rotated  into  the  aperture 
!  die  right  cell  I'his  system  has  almost  completely  replaced  the  Stevens  phorometer  in  modern 
,  retractors  It  has  the  advantage  that  both  phorias  and  ductions  may  be  measured  with  the 
•ue  svstem 

Savage  first  recognized  the  desirability  of  testing  ocular  motility  with  a  monocular  instru¬ 
ment  and  devised  a  suitable  instrument  for  the  purpose  It  consists  of  a  reversible  10-diopter  Ris¬ 
er  prism  mounted  in  a  holder  equipped  with  a  spirit  level  (Fig  3-10) 

Ihe  discovery  of  the  fundamental  functional  activity  of  the  oblique  muscles  is  attributed  to 
Savage  i Price  10181  In  1893  Price  first  advocated  the  adoption  of  the  term  cyclophoria  to  describe 
die  roiaiion.il  phorias  The  first  of  the  instruments  used  to  test  cyclophoria  was  devised  by  Price 
'IH9.li  and  demonstrated  in  1894  Prices  phorometer  was  a  simple  device  used  in  a  regular 
i  r  line  <hg  3  III  The  right  cell  was  fitted  with  a  Maddox  biprism  combined  with  a  Mad¬ 
dox  rod  with  its  axis  parallel  to  the  base-apex 
line  of  the  biprism  The  left  cell  was  fitted  with  a 
standard  Maddox  rod  with  its  axis  running  in  the 
same  direction  When  a  small  light  source  was 
fixated  by  the  patient,  any  departure  from  paral¬ 
lelism  of  the  central  line  from  the  remaining  two 
lines  indicated  the  presence  of  cyclophoria 
Savage  later  redesigned  the  instrument  for 
measuring  both  cyelophorias  and  cycloductions 
He  called  this  instrument  a  cyclophorometer 

Another  entirely  portable  monocular 
phorometer  was  the  Wells  handy  phorometer 
(Fig.  3-12).  which  was  a  small  hand-held  instru¬ 
ment.  it  consisted  of  a  10-diopter  prism 
mounted  in  a  frame  having  attached  to  it  a 
weighted  pointer  by  which  the  effective  horizon¬ 
tal  or  vertical  component  of  the  instrument 
prism  was  indicated  for  its  current  position 
Although  the  instrument  was  monocular,  the 
optical  principle  involved  was  similar  to  that  of 
the  Stevens  phorometer,  the  single  prism  in  this 
case  serving  as  both  the  displacement  and 
measuring  prism. 


FIG  3-10  Savage's  monocular  phorometer. 


Eye  Refractors 

The  modern  eye  refractor  began  to  emerge  in  the  early  years  of  the  20th  century.  largely 
owing  to  the  work  of  De  Zeng.  His  first  patent  (for  a  telescopic  optometer)  was  awarded  in  1895 
De  Zeng  was  granted  a  number  of  additional  patents  between  1908  and  1922  for  inventions  that 
ultimately  became  incorporated  into  the  three  instruments  by  which  his  name  has  been  per¬ 
petuated.  The  first  was  the  De  Zeng  phorometer-trial  frame  (Fig  3-3),  a  trial-case-assisted 
phorometer  that  included  a  hinged  Stevens  phorometer.  a  Risley  prism,  and  multiple  Maddox  rod 
with  twin  cells  for  trial  lenses.  The  interpupillary  distance  was  adjustable  and  a  spirit  level  was 
provided  for  alignment.  The  second  was  the  De  Zeng  Phoro-Optometer  (Fig.  3-13).  This  was  a 
much  more  sophisticated  unit,  which  included  all  the  features  of  its  predecessor  but  was  now 
fitted  with  a  pair  of  30-diopter  Risley  prisms  and  two  multiple  Maddox  rods  The  trial-lens  cells 
were  equipped  with  axis  scales  for  holding  cylindrical  lenses,  spherical  lens  power  was  provided  as 
an  integral  part  of  the  instrument  Each  of  the  spherical  units  consisted  of  one  disk  of  low-power 
lenses  and  one  disk  of  high-power  lenses  arranged  on  a  common  spindle  so  that  combinations  <>! 
one  lens  from  each  disk  could  be  placed  in  tandem  in  front  of  the  patient's  eye. 

American  Optical  Co  became  interested  in  the  De  Zeng  Phoro-Optometer  and  in  1928 
released  an  instrument  incorporating  some  further  modifications  and  improvements,  the 
Improved  Wellsworth  De  Zeng  Phoropter,  Model  588  It  was  very  similar  to  the  original 
Phoro-Optometer  and  provided  a  range  of  spherical  lens  combinations  from  -8  00  to  +7  75 
diopters  in  intervals  of  0  25  diopter  by  means  of  two  concentric  disks  of  low-  and  high-power 
sphericals.  This  interval  could  be  reduced  to  0  12  diopter  by  the  use  of  an  auxiliary  lens  Right- 


FIG.  3-12  The  Wells  Handy  phorometer 


. wc  vUimliu.il  units  wetc  added  it*  the  instrument  (lath  consisted  of  two  concentric 
c  i  nnniis  vvlindiH.il  lenses  tti.it  could  be  pivoted  on  the  sight  hole  of  the  instrument  for 
.  .  " : •  r < it  t  umhin.iiions  ol  minus  wliinlric.il  power  from  0  00  to  1  25  diopters  in  intervals  of 
'  .iwpici  .met  to  4  ’s  diopters  in  intervals  ol  0  25  diopter  could  be  provided  The  Stevens 
nic'ci  wav  supetseded  bv  three  displacement  prisms  of  powers  6  diopters  base  up,  10 
a'.",  base  m.  and  I'  diopters  base  out.  which  were  contained  in  a  disk  of  auxiliary  lenses, 
a  ■  Kislev  pi  is  ms .  the  two  multiple  Maddox  rods,  and  the  spirit  level  were  retained  from 
pi  w ions  design  Hie  compact  nature  ol  this  instrument  was  a  feature  of  the  De  /eng 
.  v1  lie  claimed  that  this  sort  ol  instrument  should  he  small,  neat,  and  sanitary,  covering  a 
'iiai  portion  ol  the  patient  s  lace  I  arher  disk  optometers  had  been  rather  cumbersome  de¬ 
vil  the  above  De  /eng  instruments  had  been  supported  from  below  American  Optical  Co. 
;,cil  this  instrument  with  a  more  versatile  eve  refractor,  which  was  suspended  from  above. 


I  K>  t  15  t  he  Phnro-uptometer.  De  Zeng 

I  his  ,v, is  Model  589.  in  which  the  spherical  range  was  extended  from  -19.00  to  +16.75  diopters 
m  intervals  ol  0  25  diopter  and  the  cylindrical  range  from  0.00  to  -6.00  diopters  in  similar  inter- 
v  Ils  This  arrangement  of  spherical  and  cylindrical  lenses  has  been  perpetuated  in  all  subsequent 
American  Optical  Co  eye  refractors  to  the  present  day  An  operational  weakness  of  Models  588 
and  '89  was  evident  during  the  examination  of  astigmatic  patients  with  relatively  small  interpupil- 
l.tr v  distances,  for  whom  interlocking  of  the  milled  edges  of  the  two  cylindrical  lens  units  could 
'near  at  some  axis  positions  In  1948  Model  590  was  introduced.  This  model  included  some 
maior  improvements  over  the  earlier  instruments,  although  the  normal  range  of  the  instrument 
was  similar  to  that  of  Model  589  However,  cylindrical  lenses  were  relocated  within  the  main 
H'iusmg  of  the  instrument  and  a  pair  of  -2.00-diopter  plug-in  cylindrical  lenses  were  provided  as 
Hcessortes.  which  extended  the  cylindrical  range  to  -8.00  diopters.  Cylindrical  power 
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and  axis  changes  were  effected  lor  the  first  time  by  means  of  a  pair  of  concentric  knobs  It  is  iK 
writer's  opinion  that  this  instrument  was  ihe  most  advanced  ol  its  day  and  probably  represented 
an  optimal  compromise  between  simplicity,  qu.ilnv  craftsmanship,  and  clinical  excellence  that  has 
never  been  surpassed  in  a  manually  operated  eye  refractor  In  mans  ways  it  is  a  pity  that  pnnUk 
lion  of  this  model  was  discontinued  in  favor  of  the  glossier,  gadget -endowed  Rx  Master  and 
Ultramatic  eye  refractors  marketed  by  the  same  company  Roth  of  these  instruments  have  a  simi¬ 
lar  lens  inventory  to  the  Additive  Phoropter  Model  590  Ihe  notable  differences  are  in  the  com¬ 
plement  of  auxiliaries 

In  1926  two  patents  were  awarded  to  Marts  C  lement  and  Bernard  Parron  for  an  eye  relrai 
tor  by  which  various  combinations  of  spherical  and  cylindrical  lenses  could  be  obtained  hv  ihe 
rotation  of  knobs  or  the  movement  of  levers  Ihe  patents  were  assigned  to  the  General  Optical 
Co  of  New  York,  the  Genothalmic  Refractor  was  the  result  Its  lens  inventory  was  contained  in 
six  disks,  which  were  enclosed  within  a  lacquered  white  metal  housing  The  front  disk  included 
three  plano-concave  spherical  lenses  with  Ihe  plane  surfaces  leading,  a  lixed  cross  cylinder  Im 
near  testing,  and  an  occluder  The  second  and  third  disks  contained  low-  and  high-powet 
plano-convex  spherical  lenses,  respectively,  with  the  curved  surfaces  leading  These  two  disk-, 
provided  positive  lens  power  ranging  from  0.00  to  +8  75  diopters  in  intervals  of  0  25  dioptei 
Disk  4  contained  three  relatively  high-power  piano-cylindrical  lenses.  Disk  5,  three  relativelv 
low-power  piano-cylindrical  lenses.  The  leading  surfaces  of  all  the  cylindrical  lenses  were  curved 
Negative  cylindrical  power  ranging  from  0.00  to  -3.75  diopters  in  intervals  of  0  25  diopter  w.,s 
thus  provided.  The  axes  of  all  the  cylindrical  lenses  in  each  pair  of  disks  could  be  changed  sintul 
taneously  by  means  of  a  spring-loaded  lever,  which  operated  a  planetary  system  of  gears  The 
final  disk  contained  three  high-power  auxiliary  piano-spherical  lenses  They  were  +9  0(1. 
-9  00,  and  -18.00  diopters  and  extended  the  nominal  spherical  range  of  the  instrument  from 
-18.00  to  +17.75  diopters.  These  lenses  were  brought  into  position  in  the  sight  hole  of  the 
instrument  by  means  of  a  short  lever.  The  leading  surfaces  were  the  curved  surface  of  the  posi¬ 
tive  lens  and  the  plane  surfaces  of  the  negative  lenses.  Some  attempt  seems  to  have  been  made 
to  compensate  for  changes  in  lens  effectivity  brought  about  by  their  different  distances  in  from  of 
the  patient’s  eye  The  sight  hole  was  36  mm  long  with  an  aperture  of  21  mm.  The  internal  lens 
stack  was  about  25  mm  thick.  The  patent  specifications  emphasize  the  mechanical  apparatus  by 
which  the  lenses  are  transported  into  the  prescribed  position  in  front  of  the  patient’s  eyes  No 
claims  were  made  concerning  the  design  of  the  component  lenses. 

Hartinger  (1931)  described  a  new  eye  refractor  designed  by  Henker  and  produced  by  Carl 
Zeiss  of  Jena  Although  it  was  a  more  compact  binocular  instrument,  both  its  mechanical  and 
optical  arrangement  was  very  characteristic  ol  one  ol  the  Javal  optometers.  It  consisted  of  three 
disks  of  lenses,  two  sphericals  and  one  cylindrical  All  the  cylindrical  lenses  were  fitted  to  geared 
rings  and  could  be  rotated  to  any  prescribed  axis  by  means  of  a  master  planetary  gear  All  lenses 
were  Zeiss  Punktal  spectacle  lenses  of  12  mm  aperture  The  nominal  range  of  the  instrument 
extended  from  +  23.50  to  -31  50  diopters  of  spherical  power  and  from  +6  00  to  -6  00  diopters  of 
cylindrical  power.  The  cylindrical  range  could  be  extended  to  ±10.00  diopters  with  the  aid  of  a 
pair  of  ±  4.00-diopter  auxiliary  cylinders.  With  the  refractor  was  supplied  an  extensive  box  ol 
accessories  including  prisms,  Maddox  rods,  Maddox  biprisms,  tinted  lenses  etc.,  and  a  box  of 
telescopic  and  microscopic  lenses  for  the  treatment  of  the  partially  sighted. 

Three  U  S.  patents  were  filed  between  1926  and  1932  by  Hunsicker  for  an  eye  refracting 
instrument.  Two  were  awarded  in  1931  and  a  third  in  1934.  Two  of  these  patents  were  assigned 
to  Aaron  S.  Green  and  Louis  D  Green  of  San  Francisco.  Interest  in  these  patents  by  Bausch 
and  Lomb  resulted  in  the  manufacture  of  the  Greens’  Refractor,  undoubtedly  the  most  widelv 
used  manual  eye  refractor  of  the  20th  century.  The  main  instrument  included  four  disks  of 
lenses.  The  first  was  a  battery  of  negative  piano-cylinders  with  the  cylindrical  surfaces  leading 
The  powers  varied  in  intervals  of  0.25  diopters.  This  disk  was  followed  by  a  disk  of  low-power 
positive  plano-sphericals  with  the  plane  surfaces  leading.  These  lenses  were  also  ordered  in 
intervals  of  0.25  diopter  to  +3.75  diopters.  In  the  instrument  examined  by  the  writer,  the 
+  2.25  sphere  had  been  fitted  back  to  front.  The  third  disk  of  high-power  piano-spherical  lenses. 


A  :  : licit  plane  surfaces  leading,  included  a  range  of  lenses  from  +16.00  to  28.00  diopiers  in 
'l'  "I  •* (l(l  diopters  Ihe  final  disk  ol  auxiliary  lenses  contained  a  pinhole,  an  occluder,  an 
.  n  aperture,  a  +0  12-diopter  spherical,  and  a  +  2 00-diopler  sphere  for  retinoscopy.  A  box  of 
•  „g  m  auxiliary  lenses  included  a  pair  of  0  12.  -2  50.  and  -5.00  diopter  piano-cylindrical  lenses 
die  plane  surface  leading  The  nominal  range  of  the  instrument  is  therefore  from  +19.75  to 
2-s  »o  diopters  of  spherical  power  in  intervals  of  0  12  diopter,  from  0  00  to  -2.75  diopters  of 
.  V ; mdric.ll  power  also  in  intervals  of  0  12  diopter,  and  from  -2  75  to  -7  50  diopters  of  cylindrical 
i’"»ei  in  intervals  ol  0  25  diopter  It  the  final  auxiliary  disk  and  the  plug-in  lenses  are  excluded, 
die  thickness  ol  the  threeJens  sphero-cylindrical  stack  is  approximately  9.56  mm.  The  length  of 
me  siglu  hole  is  29  mni  and  Ihe  aperture  of  the  instrument  is  16.8  mm  maximum  It  is  surprising 
m. it  B.iuxch  and  tomb  did  not  incorporate  the  Kellner  principle  for  which  they  had  been  assigned 
me  patent  in  1918  The  instrument  is  not  equipped  with  a  corneal  vertex  distance  measuring  sys¬ 
tem  This  simple  addition  would  certainly  have  improved  its  versatility  in  dealing  more  ade- 
.pi.iiclv  with  prescriptions  of  medium  and  high  power  As  it  is.  the  extreme  range  of  the  instru¬ 
ment  o  rarely  used  and  seldom  trusted  Bausch  and  Lomb  have  released  a  more  trendy  version 
■I  the  instrument  which  some  may  find  ol  more  pleasant  appearance.  It  is  referred  to  as  the 
iiiecnx'  II  There  are  no  major  changes  to  the  optical  system.  The  Jackson  cross  cylinders  are 
rotated  and  Hipped  by  means  ol  a  pair  of  concentric  knobs,  which  are  synchronized  with  the 
.ilmder  axis  control.  The  external  adjustable  Maddox  rods  and  Risley  prisms  are  retained. 

from  the  United  Kingdom,  two  eye  refractors  bearing  a  marked  similarity  to  the 
(icnothulmic  Refractor  have  emerged  from  the  fcllis  Optical  Co  of  Croydon.  The  first  was  called 
:ne  I  x.immor  The  second,  the  British  Refracting  Unit,  must  surely  be  hailed  as  the  dreadnaught 
.lass  amongst  eye  refractors  It  contained  no  fewer  than  8  independent  disks  of  lenses.  It  was  an 
extension  in  design  of  (he  Examinor  The  first  disk  included  a  similar  set  of  auxiliaries.  Disks  2 
and  5  contained  the  low-  and  high-power  positive  plano-sphericals  with  convex  surfaces  leading. 
These  disks  were  followed  by  disks  4  and  5,  the  high-and  low-power  negative  piano-cylinders  with 
plane  surfaces  leading  Disks  6  and  7  contained  the  high-and  low-power  negative  plano-sphericals 
with  ihe  plane  surfaces  leading  The  final  disk  was  a  battery  of  auxiliary  ±9.00  diopter  sphericals. 
With  such  an  array  any  attempt  to  control  effectivity  would  be  worthless.  The  aperture  of  the 
instrument  was  20  5  mm  and  the  length  of  the  sight  hole.  43  mm.  The  thickness  of  the  lens 
stack  reached  a  record  magnitude  of  30  mm  Two  front  cells  on  each  side  of  the  instrument  were 
provided  tor  additional  lenses 

■\n  eye  refractor  of  continuously  variable  power  was  described  by  Retina  (1937).  The 
instrument  was  designed  by  Thorner  and  manufactured  by  Runge  and  Kauifuss.  It  became 
Known  as  the  Ruka  Variator  and  incorporated  a  Stokes-Javal  lens  consisting  of  a  positive  and  a 
negative  3  00-diopter  cylindrical  lens  mounted  coaxially  in  a  geared  unit  to  rotate  in  opposite 
directions  As  the  lenses  were  rotated  from  the  axes-parallel  position  to  the  axes-crossed  position 
i  .vlmdrit.il  component  was  generated  which  changed  in  magnitude  from  0.00  to  6.00  diopters. 
Sm.e  ihe  iwo  cylinders  rotate  in  opposite  directions  by  equal  amounts,  the  axis  of  the  resultant 
cvlinder  remains  constant  at  an  angle  of  45°  to  the  axes  parallel  meridian.  However,  the  lens  also 
produces  .in  undesirable  spherical  component  of  half  the  power  of  the  resultant  cylinder  but  oppo¬ 
site  sign,  which  must  be  neutralized  This  goal  was  achieved  by  means  of  a  unit  magnification 
ixtronnmical  telescopic  optometer,  the  optical  path  of  which  could  be  varied  and  reversed  with  a 
t"i.il  internal  reflection  prism  This  optometer  also  provided  continuously  variable  spherical  power 
r  inging  from  +20  00  to  -20.00  diopters.  The  instrument  was  heavy  and  cumbersome  and  the 
merture  was  very  small  More  than  half  of  the  incident  light  was  lost  by  reflection  at  the  surfaces 
ol  the  various  optical  elements.  Nevertheless,  the  Ruka  Variator  has  some  very  useful  features. 

Modern  eye  refractors  following  the  American  pattern  are  of  relatively  recent  origin  in 
l  urope  Two  of  the  more  notable  instruments  in  this  group  are  the  Moller  Visutest-C  and  the 
Rovlenstock  Phorovist 

The  Visutest-C  is  a  broad-looking  instrument,  the  elements  of  which  are  housed  in  a  plas- 
tiv  casing  The  sight  hole  of  the  instrument  is  28  mm  long.  The  aperture  is  stepped  down  from 
25  mm  at  the  front  to  19  mm  at  the  back.  Access  to  the  internal  lens  disks  from  the  patient’s 
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side  is  prevented  by  means  of  a  cover  glass,  which  is  screwed  inlo  the  rear  aperture  o!  ihe 
ing  A  corneal  vertex  distance  indexation  marker  is  provided,  which  allows  the  practitioner 
locate  the  corneal  vertex  12  mm  behind  the  back  vertex  of  the  cover  glass  No  complement' . 
scale  is  provided  for  the  practitioner's  use  of  some  other  vertex  distance  There  is  provision 
lever-controlled  convergence  of  the  two  optical  axes  of  the  Instrument  tor  near  testing  lloucc.'i 
unlike  the  instruments  with  that  feature  which  have  bee  i  produced  by  American  Optical  On  . 
change  in  interpupillary  distance  is  not  automatically  registered  on  the  appropriate  scale  I  tie 
forehead  rest  has  23  mm  of  adjustment  The  right  half  of  the  instrument  may  he  raised  " 
lowered  by  5  mm  with  respect  to  the  left  half  to  compensate  for  facial  asymmetry  A  novd 
double-cross  cylinder  unit  designed  by  Reiner  replaces  the  standard  Jackson  type  This  is  hi. 
Asttmess  cross  cylinder,  which  consists  of  two  crossed  cylinders  ground  on  +6  00  diopter  hasv 
toric  form  and  secured  into  a  geared  unit  in  such  a  way  that  both  may  be  revolved  simultaneous, 
by  a  single  action,  so  that  common  axes  always  remain  at  right  angles  The  double  lens  unit  is 
hinged  so  that  each  lens  may  be  shifted  into  position  in  front  of  the  sight  hole  lor  comparison 
purposes  The  lenses  are  interchangeable  although  ±0  25  crossed  cylinders  are  normally  supplied 
The  main  lens  inventory  is  contained  in  four  disks  The  front  disk  contains  negative  cylinders 
ranging  from  0.25  to  2.25  diopters  in  intervals  of  0  25  diopter  All  are  of  tone  form  with  a  h.uk 
surface  power  of  -6  00  diopters  spherical  The  second  disk  contains  a  set  of  low-power  positive 
and  negative  spherical  lenses  ranging  from  +1.75  to  -1  00  diopter  in  intervals  of  0  25  diopter 
The  positive  lenses  are  ground  on  -6.00-diopter  base  and  the  negative  lenses  are  ground  on 
+  6. 00-diopter  base  The  third  disk  contains  high-power  positive  and  negative  lenses  tanging  Irom 
+  15  00  to  -18.00  diopters  in  steps  of  3  00  diopters  The  higher-power  lenses  are  of  piano  form 
with  the  curved  surface  leading  the  positives  and  the  plane  surface  leading  the  negatives  The 
lower-power  lenses  are  ground  on  either  -6  00-  or  +6  00-diopter  base  curves  according  to 
whether  they  are  positive  or  negative  lenses.  Four  pairs  of  plug-in  accessory  lenses  are  provided 
They  include  piano  sphericals;  -2.00-  and  -4  00-diopter  cylindricals  of  meniscus  and  tone  lornt. 
respectively,  each  with  a  back  surface  power  of  -6  00  diopters  spherical,  and  -6  00-diopter  tone 
cylindricals  with  a  back  surface  power  of  -12.00  diopters  spherical  The  nominal  range  of  the 
instrument  is  from  +26.75  to  -29  00  diopters  spherical  in  intervals  of  0  25  diopter  and  from  -0  25 
to  —8.25  diopter  cylindrical  in  similar  intervals  if  the  ±  10  00-diopter  sphericals  contained  in  the 
auxiliary  lens  disk  and  the  plug-in  cylindrical  accessories  are  used  tn  conjunction  with  the  three 
main  lens  batteries.  The  total  thickness  of  a  combination  of  lenses  from  each  of  the  five  sources 
is  18  mm.  Some  attempt  is  made  to  control  the  efTectivity  of  the  lens  stack  in  the  spectacle  plane 
Nevertheless,  the  logic  of  such  control  is  difficult  to  follow.  Differences  between  the  actual  hack 
vertex  power  and  the  labelled  power  of  the  lenses  are  confined  to  the  plug-in  negative  cylindrical 
lenses,  the  high-power  sphericals,  and  the  plus  and  minus  10  00-diopter  sphericals  contained  in 
the  auxiliary  disk.  Compensation  is  made  according  to  the  general  rule  that  lenses  increase  in 
effective  positive  power  as  they  are  shifted  away  from  the  eye  However,  the  high-power  sphere 
cals  are  compensated  for  a  plane  which  lies  6  to  9  mm  on  the  side  nearest  the  eye,  whereas  the 
±  10.00-diopter  auxiliary  sphericals,  which  are  located  18  mm  closer  to  the  eye.  are  compensated 
for  a  plane  about  18  mm  closer  to  the  eye.  On  the  other  hand,  the  three  plug-in  cylinders  are 
compensated  for  planes  45,  23,  and  18  mm.  respectively,  closer  to  the  eye  In  spite  of  this 
feature,  the  instrument  is  provided  with  a  corneal  vertex  distance  alignment  system  which  is  cali¬ 
brated  for  12  mm  (according  to  the  manufacturer’s  specifications)  A  novel  mechanical  feature  of 
the  instrument  is  that  the  presbyopic  addition  may  be  indicated  independently  of  the  distance 
spherical  correction. 

In  the  mid-1960s  the  Rodenstock  Optical  Works  of  Munich  re-entered  the  eye  refractor 
arena  after  a  lapse  of  almost  40  years,  following  an  unsuccessful  adventure  with  the  Disk  Refrac- 
tometer.  The  current  model  is  called  the  Phorovist  The  main  unit  contains  four  disks  of  lenses 
The  front  disk  contains  a  series  of  negative  cylindrical  lenses  ranging  in  power  from  -0.25  to  -2  75 
diopters  in  steps  of  0.25  diopter.  These  lenses  are  ground  on  +6  00  diopter  base  toric  form  and 
mounted  into  geared  rings  which  engage  a  planetary  gear  by  which  they  may  be  brought  into  post 
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"  ii  linn!  ol  the  eve  .il  .iih  prescribed  .1  \  1  >>  Ihe  second  disk  contains  a  series  of  low-power 
erivals  die  nominal  powers  of  which  range  from  +0  75  k>  -2.00  diopters  in  intervals  of  0  25 
:  r: e r  Ml  these  lenses  are  piano-spherical  with  the  plane  surface  of  the  negative  lenses  and  the 

.  ...I  Miil.ke  ol  the  positive  leading  Ihe  third  disk  contains  the  htgh-power  sphericals  in  inter- 
.  hs  .a  t  no  diopters  I  he  nominal  powers  of  these  lenses  range  from  -18  00  to  +  1 5  00  diopters. 

I  .  i\isc  viirves  ot  this  series  varies  throughout  the  range  The  negatives  from  -3  00  to  -9.00 
.t."t'teis  ne  giound  on  3  00-diopter  base,  which  is  the  leading  surface.  The  same  range  of  posi- 
sphericals  is  ground  on  3  00-diopler  base,  which  is  the  back  surface  Lenses  of  power  equal 
e  greater  than  I  2  00  diopters  are  ot  piano  lorm  with  the  plane  surfaces  of  the  negative  and  the 
.  .ivevl  siirtaves  ot  the  positive  lenses  leading  In  the  disk  ol  cylinders  an  open  aperture  is  pro- 
.  .led  but  the  0  00-diopter  aperture  ol  each  ol  the  two  spherical  disks  contains  a  +  6.00-diopter 
"t'g  piano  meniscus  lens  Theoretically  the  American  Optical  Co  instruments  based  on  Tilly er 

•  Mt'ie  should  have  used  such  a  lens,  but  did  not  In  the  case  of  the  Phorovist  such  lenses  are 

•  dubious  value  I  veil  their  base  curves  are  not  consistent  with  those  of  the  other  lenses  in  the 
'.■tics  i In  the  instrument  I  examined  there  was  no  evidence  to  suggest  that  any  attempt  was 
"■.ide  to  compensate  the  powers  ol  the  lenses  for  then  planes  of  occupancy  However,  some  of 
"v  vises  were  up  to  0  25  diopters  oil'  true  power  I  The  fourth  disk  contains  a  set  of  auxiliary 
vises  Both  the  Iront  and  back  ends  of  the  sight  hole  aperture  have  been  sealed  by  a  plane  glass 
.v  :i.l ow  I  mm  thick  The  distance  between  the  two  windows  is  about  24  mm.  The  thickness  of 

si.uk  ot  lour  internal  lenses  is  14  5  mm  The  back  vertex  of  this  stack  is  7  mm  in  front  of  the 
rvu k  window  ot  the  instrument  Ihe  external  accessories  include  a  pair  of  20-diopter  Rislev 
v  sins  and  a  pair  ol  interchangeable  Jackson  cross  cylinders.  Three  auxiliary  negative  cylindrical 
vises  ot  powers  2  00.  4  00.  and  6  00  diopters,  respectively,  are  provided.  These  lenses  plug  into 
trout  end  ol  the  sight  hole,  where  they  are  engaged  by  the  regular  axis-setting  control.  The 
bicK  vertex  o|  these  lenses  is  18  5  mm  in  front  of  that  of  the  internal  lens  stack.  However,  the 
vug  m  c Hinders  are  power  compensated  for  planes  28.  21.  and  17  mm.  respectively,  behind  their 
•sick  vertices  The  corneal  vertex  distance  alignment  system  is  calibrated  for  a  back  vertex  dis- 
i'IcC  ot  |H  mm  Ihe  total  length  of  the  sight  hole  is  31  mm,  its  aperture  is  18  mm,  and  all 
•vises  ire  vacuum  coated  against  reflections.  A  useful  feature  of  the  instrument,  at  least  in  prin¬ 
ciple  is  a  warning  light  that  indicates  when  the  patient  has  moved  off  the  forehead  rest.  Electrical 
..intact  failure  in  the  switch  has  given  (he  writer  sufficient  concern  to  regard  any  further  time 
spent  in  servicing  this  part  of  the  instrument  as  a  waste  of  effort.* 

A  number  ol  eye  refractors  of  Japanese  origin  have  appeared  recently  Some  of  the  earlier 
models  were  rather  inferior  reproductions  of  American  instruments.  They  have  included  the 
M  i )  5  Phoropter  and  the  TOC  T-10.  both  of  which  closely  resemble  tn  appearance  the  Greens' 
Retractor,  and  the  'sew  Cherry  Precis-o-matic  Phoropter,  which  bears  a  strong  external  similarity 
the  American  Optical  C  dramatic  Phoropter 

Within  the  past  decade  Topcon  Optical  Co.,  after  producing  one  or  two  less  ambitious 
instruments  (Models  V'T-J  and  VT-D).  finally  released  the  Vision  Tester  model  VT-SD.  This 
model  must  surely  be  the  most  well-presented  eye  refractor  package  thus  far  produced.  One  can- 
noi  help  but  be  impressed  by  its  external  appearance  Only  the  more  adventurous  will  have  lifted 
its  gleaming  covers  to  peer  at  the  optical  system  that  lies  beneath.  I  have  had  the  disappointment 
■I  studying  two  VT-SD  eye  refractors  in  this  way  Both  were  brand  new  instruments;  a  period  of 
about  one  year  elapsed  between  my  examination  of  the  first  and  second  instrument. 

The  VT-SD  features  one  or  two  innovations.  The  princij  si  innovations  are  the  0.50  cross 
Hinder  loupe  (Auto  C  ross)  and  the  duochrome  loupe  The  physical  arrangement  and  optical 
presentation  of  both  loupes  is  similar  Each  is  essentially  an  opaque  carrier  disk  containing  two 
emmet  rival  apertures  of  14  mm  diameter  on  16  mm  centers  Each  aperture  is  fitted  with  a 
'  diopter  displacement  prism  with  its  base  toward  the  center  of  the  carrier  disk.  The  Auto  Cross 


The  manufacturer  of  ihe  Phorovist  claims  lo  have  eliminated  much  of  ihe  criticisms  referred  to  in  the 
i s., vc  evaluation  of  the  instrument 
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is  also  titled  with  two  crossed  cylinders  with  similar  axes  at  right  angles  to  one  another  A  mil 
lever  enables  the  carrier  disk  to  be  rotated  through  an  angle  of  45"  for  checking  the  power  or  the 
axis  of  the  corrective  cylinder  The  unit  may  be  automatically  coupled  to  ihe  nor 

mal  axis  control  provided  that  no  additional  plug-in  accessory  lenses  are  required  The  ad  vat; 
lage  of  the  device  is  that  the  Maddox  biprism  produces  monocular  diplopia  of  the  test  target  lor 
simultaneous  comparison  of  the  first  and  second  cross  cylinder  images  by  the  patient  Ihe  duo 
chrome  loupe  functions  in  a  similar  way.  the  diplopia  images  in  this  case  being  observed  respec 
lively  through  a  red  or  green  filter.  The  third  loupe  is  a  fully  adiustable  1  5-diopter  K islev  prism 
One  Risley  prism  was  out  of  adjustment  by  8  prism  diopters  in  the  first  instrument  I  examined 
A  set  of  these  three  accessories  is.  of  course,  provided  on  both  sides  of  the  instrument  I  he 
alignment  is  carried  out  with  the  aid  of  a  disk  spirit  level  which  is  normally  covered  by  a  hinged 
polished  metal  plate  that  also  serves  as  a  visual  access  mirror  when  raised 
the  45°  position 

The  internal  lens  stack  is  protected  by  front  and  rear  Hat  glass  cover  plates  that  screw  mi 
the  sight  hole.  The  center  thickness  of  each  cover  glass  is  1.6  mm  and  the  aperture  is  lx  s  mn. 
The  sight  hole  length  is  a  record  48  mm  with  the  Auto  Cross  coupling  plug  in  position  and  4  - 
mm  with  it  removed.  There  are  five  internal  disks  of  lenses  The  first  is  a  battery  ol  low-powv 
negative  piano  cylinders  with  the  cylindrical  surface  leading  The  second  disk  oini.n'  ■. 
high-power  negative  piano  cylinders  with  the  plane  surface  leading  Ihe  two  disks  are  meeb.m 
cally  linked  so  that  for  every  full  rotation  of  the  first  disk  the  next  high-power  cxlindet  - 
automatically  shifted  into  position  in  the  sight  hole  This  is  standard  procedure  in  most  model  • 
instruments.  In  less  than  a  year's  usage,  the  cylinder  unit  of  one  instrument  has  developed 
mechanical  failure.  The  two  lens  disks  referred  to  above  rotate  on  a  steel  spindle  in  a  nylon  he  ■■ 
ing.  The  coupling  of’  the  two  disks  is  effected  by  means  of  a  system  ol  gears  Ihe  •  ■■ 

bearing  has  caused  the  steel  spindle  to  wear  and  the  coupling  gears  sometimes  slip  nut  "t  m.« 
This  fault  has  produced  both  axis  and  power  errors  to  be  recorded  and  has  created  a  getter  i  '. 
ing  of  uncertainty  and  unreliability  with  respect  to  the  instrument  The  nylon  bearing  has 
replaced  with  bronze.  The  -3.75-  and  -5  00-diopter  cylinders  in  disk  two  have  .in  actual  h.iO  . 
tex  power  of  -3.90  and  -5.37  diopters,  respectively,  presumably  in  an  attempt  to  compets.  . 
the  forward  position  of  the  cylinder  unit  The  nominal  and  back  vertex  powers  ol  im. 
cylindrical  lenses  are  equal  The  third  disk  is  a  battery  of  low-power  spherical  lenses  ranging 
-1.00  to  +1.75  diopters  in  intervals  of  0.25  diopter  The  lenses  are  of  piano  con.. n 
plano-convex  form.  In  both  of  the  instruments  examined  several  of  these  lenses  appear 
been  fitted  into  the  disk  back  to  front.  They  are  asymmetrically  vce  bevelled  and  held  m  p-s 
by  means  of  a  circular  wire  clip  Because  of  the  asymmetry  of  the  bevel  it  is  difficult  to  o  r 
lenses  correctly  short  of  cementing  them  into  position  Disk  number  lour  is  a  ha”, 
high-power  sphericals  ground  on  +  3  00-diopler  base  meniscus  form  Thev  range  in  pow  -  ■ 
-18.00  to  +15.00  diopters  in  steps  of  3  00  diopters  Power  modifications  have  been  .iced 
attempt  to  compensate  for  a  forward  position  of  this  battery  of  lenses  by  a  distance  ol  as  , 
mm.  That  is.  apparently  for  the  plane  or  disk  5.  the  disk  of  internal  auxiliary  lenses  I  ‘w 
lenses  include  an  open  aperture,  an  occluder,  a  fixed  crossed  cylinder,  a  polarizing  lens  a  vein, 
and  horizontal  multiple  Maddox  rod.  15  diopters  base  out.  10  diopters  base  in.  and  6  diopie  - 
vertical  dissociation  prisms,  a  pinhole,  and  two  spherical  lenses  for  retinoscopv  ol  powers  *  7  o. 
and  +1  50  diopters,  respectively  The  total  thickness  of  a  stack  of  lenses  comprising  one  +> - 
each  of  the  five  internal  disks  is  23  mm.  The  distance  between  the  auxiliary  lenses  and  the  hao 
cover  glass  is  6  8  mm 

The  instrument  is  provided  with  a  corneal  vertex  distance  alignment  system  calibrated  lot 
12  mm.  A  millimeter  scale  is  clearly  visible  on  both  sides  of  the  zero  position  When  the  pane' 
is  aligned  on  the  zero  marker,  the  corneal  vertex  is  located  7  5  mm  from  the  rear  cover  glass 
This  is  not  practical  and  zero  alignment  will  be  unattainable  in  most  cases  if  2  mm  is  allowed  tm 
the  thickness  of  the  eyelids  and  7.5  mm  for  the  upper  eyelashes  A  small  red  marker  appears  in  a 
window  at  the  front  of  the  instrument  when  the  patient  is  in  contact  with  the  forehead  rest  This 
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i’Ni’i  i'  not  c.isilv  v isihlc  .11  levels  ol  illumination  customarily  employed  in  practice. 
\  ho\  ol  plug  in  auxiliaries  is  also  provided  and  contains  pairs  of  lenses  of  the  following 
:•  i  powers  (the  actual  back  vertex  power  in  each  case  is  shown  in  parenthesis):  -2.00 
■  .vlnulric.il  I  2  fs 2 > .  +1000  diopters  spherical  (+7  25),  and  -10  diopters  spherical 
'  'M  I  he  effective  labelled  powers  are  thus  generated  in  a  plane  about  38  mm  on  the  eye 
,  t  die  10  00-diopter  lenses  However,  one  finds  that  when  the  +  10.00-diopter  lens  is 
-  .ec.-vl  into  position,  a  spherical  power  ol  -8.75  diopters  is  required  in  the  internal  spherical  unit 
r.im  neuirah/.ilion  In  the  case  of  the  -10  00-diopter  lens,  neutralization  is  obtained  when 
•  diopters  ol  spherical  power  is  provided  by  the  internal  unit.  All  lenses  are  vacuum  coated 
ci.n-,:  >uil. we  reflections  f  or  testing  at  near  (35  cm)  and  intermediate  distances  (67  cm)  the 
,»  '•  i.ccs  ol  the  instrument  may  be  converged  automatically  by  means  of  a  coupling  which  is 

,  .  ,'d  when  the  reading  rod  is  lowered  into  position 

Modern  manual  eye  refractors  at  best  seem  to  he  a  compromise  between  accuracy  and 
,  . on v enieiic e  the  present  investigation  of  the  optical  systems  employed  in  eye  refractors 
:  ,  -hat  i  wide  varietv  of  different  arrangements  of  lens  power,  type,  form,  and  position  have 

Hcen  used  in  an  attempt  to  produce  a  better  instrument  Perhaps  in  despair  some 

•  u rarer'  have  evert  tried  locating  some  of  their  lenses  back  to  front.  Are  there  some  basic 
■  ,  i  pnruipics  mi  which  designers  could  base  a  perfect  solution  to  eye  refractor  design? 

{**  ....estioit  i'  discussed  by  lang  and  Marg  (  1975)  Most  users  are  obliged  to  rely  on  the 
■■■nr  ’v  I  i he  manufacturer  when  contemplating  the  purchase  of  an  eye  refractor.  Few  users 
-v  .  the  facilities,  the  opportunity,  or  the  inclination  to  make  a  thorough  evaluation  of  the 
.  ..••  .•■it  :hcv  wish  to  acquire  Perhaps  this  report  will  prompt  some  manufacturers  of 

-  ha  •■  i,  instruments  to  re-examine  their  standards  of  quality  control  and  provide  the  precision 

c’  w  that  users  believe  they  are  obtaining 

I  hi  Kislev  Prism 

I  .  .ruble  Kislev  prism  has  appeared  as  an  accessory  on  almost  every  eye  refractor  yet 
■  I  s  ■! variable  attached  to  the  front  of  the  instrument  housing  by  means  of  a  hinged 
.  ;■>.■■  mi's  it  in  he  moved  into  position  in  front  of  the  sight  hole,  it  can  be  rotated  in 

na  'i,'  i  scale  in  such  a  wav  that  the  base-apex  line  of  the  resultant  prism  may  be 
.  •vr  dun  I  he  vertical  and  horizontal  positions  are  located  quite  positively  by  a 
„  . . t . • . !  hail  hearing  or  similar  device  which  engages  a  suitable  depression  in  the 

i  .  '  .  iv  examined  a  group  ol  nine  different  well-known  eye  refractors,  all  of  which 
!  a  •  ■  K  slew  prisms  After  an  allowance  of  either  26  mm  or  the  manufacturer's 
■  iyh  -ad  +>,..,.•[!  made  for  the  distance  between  the  back  vertex  of  the  lens  stack 
•  •  a  at  ion  ..i  i  he  eve.  the  hack  vertex  of  the  Rtsley  unit  was  located  at  an  aver- 
i  "i  mm  m  Iron!  ol  the  center  of  rotation  of  the  eye  This  distance  was  largest 
•  aso  ol  the  Topcon  Vision  Tester  Model  VT-SD,  and  smallest  for  the  Greens' 

.  :  M  .Her  \  isuiext-C.  in  which  corresponding  distances  of  59  mm  were  measured, 

v  ,*■  ■!,..■  t.. i ward  position  of  the  Risley  prism  does  not  affect  measurements  of  ocular 
!  ,isi,.n  the  instrument  readings  for  similar  measurements  made  at  relatively 

•s  ..  ,•  variance  with  the  magnitude  of  the  actual  ocular  rotations  which  take  place. 

.  due  to  a  reduction  in  the  effective  power  of  the  prism,  which  is  a  function  of  its 
■■  m  'he  .entet  o|  rotation  ol  the  eye  and  the  near  lest  field 
n  ippose  an  eve  with  its  center  of  rotation  at  R  is  viewing  a  near  object  O  which  lies  on  the 

•  .  sj.,1  axis  R()  II  a  prism  of  power  P  prism  diopters  is  placed  in  front  ol  the  eye  at  a 

■  r- >m  its  .enter  of  rotation  and  at  a  distance  /  from  the  object,  the  eye  must  rotate 

,*>  ,r  ,ngic  «  in  fixate  the  image  O  of  the  original  object,  formed  by  the  prism  Reference 
tx  i  14  . learlv  indicates  that  for  a  prism  of  any  power,  the  magnitude  of  the  angle  9 
■  i'~  which  ihe  eve  must  rotate  to  regain  fixation  of  the  displaced  image  will  be  reduced  as 

'■■•■'  increases  or  /  decreases  The  angle  »  may  be  expressed  in  prism  diopters  and  defined  as 
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the  effective  power  of  the  prism  Using  the  New  Cartesian  sign  convention  with  the  plane  ot  the 
thin  prism  at  the  origin  of  a  two  dimensional  coordinate  system  we  have 

tan  H  =  A.} /( v  / 1  =  -(/tan  P)/(s  -  I)  =  (tan  /J) /I I  -  ( v / / )  1 
and  the  effective  power  of  prism  is  given  by 

WA  =  />A/|1  -  (s//)| 

If  /  is  very  large,  as  is  the  case  when  ocular  motility  is  tested  for  distance  vision,  the  posi¬ 
tion  of  the  Risley  prism  in  front  of  the  eye  makes  very  little  difference  to  the  result  and  »A  = 
/,A  for  all  practical  purposes  However,  if  the  above  formula  is  used  to  compute  the  effective 
power  of  the  Risley  prism  when  used  for  measurements  of  ocular  motility  at  distances  of  333 
mm  and  400  mm.  respectively,  in  front  of  the  back  vertex  of  the  lens  stack  in  the  eye  refractor, 
significant  differences  will  exist  between  the  scale  reading  and  the  actual  eye  rotation  If  an  aver¬ 
age  value  of  71  mm  is  adopted  for  the  magnitude  of  s,  the  Risley  prism  will  read  too  high  The 
error  will  be  approximately  20%  for  a  near  testing  distance  of  400  mm  and  2514.  for  one  of  333 
mm.  In  the  case  of  the  Topcon  Vision  Tester  (Model  VT-SD)  the  error  is  30%  at  400  mm  and 
37%  at  333  mm.  The  errors  in  the  Greens'  Refractor  and  Visutest-C  are  16%  at  400  mm  and 
20%  at  333  mm. 

The  American  Optical  Co  Uliramatic  Phoropter  and  the  Topcon  Vision  Tester  (Model 
VT-SD)  are  each  equipped  with  three  auxiliary  prisms  of  powers  15  diopters  base  out.  10  diopters 
base  in.  and  6  diopters  base  vertical,  respectively.  These  prisms  are  located  in  planes  46.5  mm 
and  71.2  mm,  respectively,  behind  those  occupied  by  the  Risley  prism.  Therefore,  combinations 
of  the  Risley  unit  and  the  auxiliary  fixed  prisms  cannot  be  regarded  as  equivalent  to  the  algebraic 
sum  of  their  nominal  powers  when  used  for  near  vision  tests. 

In  eye  refractors  that  include  a  Stevens  phorometer,  the  situation  is  somewhat  worse, 
since  this  device  is  invariably  located  in  front  of  the  Risley  prisms. 

It  is  not  surprising,  therefore,  that  several  clinical  studies  involving  near  phoria  measure¬ 
ments  (Lederer  and  Pearson  1945)  have  shown  that  results  obtained  with  direct-reading 
nonprismatic  instruments,  such  as  the  Maddox  Wing,  which  measure  the  angle  of  ocular  rotation, 
are  almost  invariably  lower  than  those  obtained  with  techniques  that  involve  the  use  of  prisms 
placed  some  distance  in  front  of  the  eyes  of  the  same  patients 


FIG  3-14  The  effective  power  of  a  prism 
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Vutomated  Instrumentation  for  the  Examination  of  the  Eye 

Recent  developments  in  electronics,  electromechanics,  and  electro-optics,  and  the  availa- 
hilitv  ot  small  inexpensive  computers  have  resulted  in  the  development  of  new  concepts  in 
instrumentation  for  the  examination  of  the  eye.  The  new  instruments  being  offered  to  the 
e> e-care  professions  include  a  collection  of  automatic  objective  optometers,  perimeters, 
eye-movement  recorders,  case-history  evaluation  and  recording  systems,  and  at  least  two  eye 
refractors 

The  conventional  technique  for  measuring  refractive  errors  is  to  estimate  their  magnitude 
bv  means  of  retinoscopy,  which  is  followed  by  subjective  refraction.  The  latter  method  is  still  by 
far  the  most  accurate  technique  available.  However,  alternative  methods  of  clinical  refraction 
are  being  made  available  to  optometrists  and  ophthalmologsts  in  the  form  of  fully  automated 
objective  optometers  The  'Ophthalmetron'  produced  by  Bausch  and  Lomb  was  the  first  of  these 
new  generation  instruments  to  reach  the  profession  in  1972.  It  is  based  upon  the  principle  of 
retinoscopy  In  three  seconds  a  scanning  of  all  meridians  of  the  eye  takes  place  by  means  of 
near-infrared  radiation  and  a  recording  system  produces  a  sinusoidal  graph  of  the  refractive  state 
of  the  eye  to  the  nearest  quarter  of  a  diopter.  The  record  for  the  right  eye  is  printed  on  one  side 
of  a  form;  that  for  the  left  eye  appears  on  the  reverse  side.  The  measurement  begins  and  ends 
at  the  80°  meridian  The  refractive  error  in  sphero-cylindrical  form  can  be  evaluated  directly 
from  the  printout  (Safir,  Knoll,  and  Mohrman  1970;  Safir,  Hyams,  Philpot,  and  Jagerman  1979, 
Knoll.  Mohrman,  and  Maier  1970;  Hyams,  Safir,  and  Philpot  1970  and  1971;  Knoll  and  Mohrman 
1971  j  This  instrument  is  no  longer  in  production. 

Another  instrument  in  this  category  is  the  'Dioptron’  manufactured  by  Coherent  Radiation 
of  Palo  Alto,  Calif  This  instrument  was  based  on  an  idea  for  an  automatic  optometer  by  Bellows 
and  Borough  of  Illinois.  Their  patent  claim  was  filed  in  1968  and  accepted  in  1970.  Bellows,  an 
Illinois  ophthalmologist,  subsequently  sought  engineering  assistance  from  the  Itek  Corp.  but  was 
turned  down  because  of  the  estimated  magnitude  of  the  development  costs.  Development  was 
eventually  undertaken  by  a  relatively  small  engineering  firm,  Tropel  Inc.,  of  Fairport,  N.Y.  The 
Dioptron’  has  finally  emerged  as  a  product  of  Coherent  Radiation,  whose  main  interest  is  laser 
technology  It  is  a  small  table  instrument  whose  optical  system  bears  little  resemblance  to  the  ori¬ 
ginal  concepts  of  Bello  s  and  Borough.  Alignment  of  the  instrument  is  effected  with  a  simple 
joystick  control  system  and  a  vertical  adjustment  screw.  The  light  source  for  the  alignment  sys¬ 
tem  is  operated  by  one  of  two  pushbuttons.  The  alignment  target  is  displayed  on  a  screen  above 
the  body  of  the  instrument.  The  remaining  button  initiates  the  mechanism  that  refracts  the 
patient  The  standard  target  in  the  Dioptron  is  a  Snellen  chart,  which  is  viewed  binocularly 
through  an  adjustable  fogging  system  to  assist  in  relaxing  accommodation.  The  refraction  is 
automatically  interrupted  for  0.15  second  during  blinks.  Cycloplegics  are  not  required.  The 
instrument  may  be  operated  with  pupils  as  small  as  2  mm  in  diameter,  and  its  measuring  range  is 
from  -10  to  +  15  diopters.  The  manufacturers  claim  the  instrument  is  accurate  to  0.25  diopter  on 
power  and  5°  on  axis  for  cylinders  greater  than  0.50  diopter  and  10°  for  cylinders  of  lower  power. 
The  optical  system  is  based  on  the  principle  of  the  lensometer.  An  image  is  projected  onto  the 
retina  by  means  of  a  movable  lens.  A  second  system  views  the  sharpness  of  the  image  by  means 
of  a  focus  detector.  The  focus  detector,  under  computer  control,  operates  a  servomotor  that 
moves  the  lens  to  the  position  of  best  focus.  This  procedure  is  repeated  in  several  meridians  and 
the  measurements  are  analyzed  by  means  of  the  computer  which  prints  out  the  results  in  standard 
notation  with  a  confidence  factor  which  may  vary  from  0.10  in  the  case  of  difficult  refractions  to 
if  90  if  the  results  are  highly  repeatable. 

A  preliminary  report  on  the  clinical  efficiency  of  the  Dioptron  has  been  published  by  the 
manufacturers,  Coherent  Radiation  (1973).  Two  independent  studies  have  been  made  by  Sloan 
and  Poise  (1974)  and  Poise  and  Kerr  (1975).  Poise  and  Kerr  demonstrated  a  high  degree  of 
correlation  between  instrument  prescriptions  and  those  obtained  by  means  of  conventional  tech¬ 
niques  They  estimated  that  the  time  required  for  the  instrument  to  write  a  prescription  was 
about  5  minutes  per  patient.  Their  results  showed  lower  levels  of  accuracy  in  the  case  of  eyes 
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with  substantial  amounts  of  astigmatism,  especially  if  the  axes  were  obligue  They  found  that  the 
computed  confidence  factor  is  of  only  marginal  value  in  predicting  measurement  accuracs  [ho 
draw  attention  to  other  limitations  of  the  instrument  Measurement  of  residual  ametropia 
through  spectacle  or  other  contact  lenses  is  not  possible  because  reflections  at  the  lens  surtaxes 
create  excessive  noise  in  the  detection  system  Poise  and  Kerr  conclude  that  the  Dioptron  is  not  i 
replacement  for  subjective  refraction  for  the  purpose  of  prescribing  ophthalmic  lenses  or  cvalu.r 
mg  ocular  health.  An  updated  version  of  the  instrument,  Dioptron  II,  was  released  in  1978 

The  6600  Auto-refractor  was  introduced  in  1972  and  was  developed  from  a  patent  for  an 
automatic  optometer  filed  by  Cornsweet  and  Crane  (1967)  This  optometer  utilizes  the  principle 
of  the  Schemer  disk  (Cornsweet  and  Crane  1970).  The  instrument  is  fitted  with  a  device  that 
automatically  tracks  the  corneal  reflection  and  maintains  alignment  during  the  measuring  cycle 
Satisfactory  operation  of  this  device  depends  on  the  patient  being  able  to  maintain  reasonably 
steady  fixation  when  his  head  is  placed  correctly  in  position  The  refraction  may  be  made  with  or 
without  cycloplegics.  An  array  of  light-emitting  diodes  is  used  to  display  the  current  status  of  the 
refractive  error  in  digital  form  at  intervals  of  3  seconds  This  display  permits  the  operator  to 
judge  the  accuracy  of  the  refraction.  A  hard  copy  of  the  refractive  error  may  be  obtained  in  a 
form  that  is  easily  convertible  to  standard  ophthalmic  notation  A  clinical  report  on  the  instru- 
ment  has  been  published  by  the  manufacturers  (McTigue  and  Cornsweet  1973)  The  sample  ot 
15  subjects  used  in  this  study  did  not  contain  any  strong  hyperopes,  anyone  with  high  astigma¬ 
tism,  or  anyone  with  known  pathology. 

In  users'  panel  discussions  the  6600  Auto-refractor  was  praised  highly  as  a  replacement  for 
accurate  retinoscopy  and  for  the  refractive  examination  of  aphakics  if  the  pupil  diameter  is  larger 
than  2.5  mm.  It  was  found  to  be  unsatisfactory  when  moderately  advanced  cataracts  or  corneal 
disease  were  present;  nor  should  it  be  used  in  the  case  of  advanced  corneal  dystrophies  Some 
users  claimed  that  the  instrument  had  been  used  successfully  over  contact  lenses.  It  was  unsatis¬ 
factory  when  the  patient  was  being  treated  for  glaucoma  with  miolics  due  to  the  small  pupil,  and 
in  cases  of  amblyopia  with  an  alternating  squint  when  the  patient  had  eccentric  fixation  Users 
emphasized  the  superiority  of  this  instrument  over  retinoscopy  in  cases  in  which  the  image  con¬ 
tour  of  the  retinoscopic  reflect  is  distorted.  The  Auto-refractor  was  found  to  be  superior  to  kera- 
tometer  readings  in  following  the  postoperative  changes  in  refraction  after  cataract  extraction 

The  Humphrey  Vision  Analyzer  is  now  available  and  represents  a  completely  novel  con¬ 
cept  in  eye  refractors.  It  incorporates  a  complex  system  of  variable-power  spherical  and  cylindrical 
lenses.  These  lenses  are  the  invention  of  Alvarez  and  Humphrey.  A  patent  for  their  first  variable 
power  lens  and  system  was  filed  in  1967  and  accepted  in  April  1970.  The  principles  of  these 
lenses  are  disclosed  in  their  patents,  listed  in  the  references  below.  The  Vision  analyzer  is  being 
manufactured  by  Humphrey  Instruments  Inc.  of  San  Leandro,  Calif.  It  has  a  continuously  vari¬ 
able  spherical  range  from  +20.00  to  -20.00  diopters  readable  in  0.12-diopter  steps,  with  a  con¬ 
tinuously  variable  cylindrical  range  from  +8.00  diopters  to  -8.00  diopters  readable  in  similar 
steps.  The  cylinder  axis  may  be  incremented  by  intervals  of  1  degree.  The  instrument  costs 
about  $25000  (1977  prices)  and  allows  the  clinician  to  perform  a  subjective  examination  in 
significantly  less  time  than  by  conventional  procedures.  Perhaps  the  most  unique  feature  of  this 
instrument  is  the  elimination  of  all  hardware  in  front  of  the  patient's  eyes  during  the  measure¬ 
ment  of  the  static  refractive  error. 

Patents  for  a  new  telescopic  optometer  were  awarded  to  Guyton  (1972).  The  principles 
described  in  this  patent  have  been  subsequently  developed  by  American  Optical  Corp.  and  have 
emerged  as  the  SRIII  Subjective  Refraction  System.  This  instrument  combines  the  optometer 
principle  with  a  co-axial  system  of  movable  cylindrical  lenses  to  provide  continuously  variable 
spherocylindrical  power  across  a  spherical  range  of  ±20.00  D  and  a  cylindrical  range  of  ±8.00  D 
In  external  appearance  the  instrument  resembles  a  vision  screener.  Its  most  novel  feature  is  the 
split-level  target  system  used  for  the  detection  and  analysis  of  astigmatism.  The  patient  is 
required  to  focus  and  align  these  and  other  simple  targets  by  means  of  a  knob  at  the  side  of  the 
instrument. 
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Chapter  4 

COMPUTER-ASSISTED  CASE  HISTORY 
FOR  EYE  EXAMINATION 

T\U  PRIMARY  PI.' R POSt  «l  an  eye  examinaiion  is  not  necessarily  a  prescription  for  lenses 
which  allows  maximum  visual  acuity,  nor  is  it  necessarily  for  one  to  relieve  eye  strain.  Implicit 
,"i  hi  eve  examination  is  the  search  for  insidious  diseases,  but  even  that  may  not  be  per  se  its 
jvmary  purpose  The  goal  of  an  eye  examination  in  our  private  economy,  with  free  choice 
p.ir.iniouni.  is  the  satisfaction  of  the  patient  The  clinician’s  aim  is  to  satisfy  his  patient  by  doing 
nh.iiever  is  necessary  professionally  to  bring  that  about  It  is  correctly  assumed  that  the  patient 
*  .mix  to  be  advised  of  any  present  disease  processes,  especially  if  they  can  be  arrested  or 
reversed  It  is  often  assumed  that  the  patient  wants  to  see  as  clearly  as  possible,  but  this  may  be 
m  unwarranted  assumption  without  confirmation 

\  tew  patients,  usually  myopes,  do  not  like  sharp,  clear  images.  There  are  many  individu¬ 
als  who  would  choose  less  than  maximum  visual  acuity  if  the  alternative  is  wearing  spectacles  or 
even  contact  lenses  Normally,  only  the  patient  can  make  the  choice  between  prosthetic  optical 
uds  visual  training,  or  even  surgery  with  their  costs,  inconvenience,  pain,  and  risks  on  one  hand, 
ind  the  status  quo  on  the  other  (In  a  military  situation  where  the  criterion  is  performance  rather 
than  satisfaction,  maximum  visual  acuity  may  be  assumed  to  provide  the  basis  for  maximum  per- 
forniance.  for  example  on  the  rifle  range  ) 

The  case  history  gives  the  clinician  the  information  needed  to  provide  patient  satisfaction. 
Bv  disclosure  of  the  patient's  chief  complaint  or  his  reason  for  having  an  eye  examination,  the 
problem  to  he  solved  is  often  clearly  defined.  Secondary  complaints  yield  further  problems  for 
solution  if  they  can  be  solved  along  with  the  chief  complaint  and  are  not  incompatible.  In  addi¬ 
tion.  any  symptoms  must  be  taken  into  account  The  wishes  of  the  patient,  including  economic 
and  cosmetic  considerations,  are  paramount.  The  case  history  reveals  those  wishes. 

The  case  history,  in  addition  to  orienting  the  clinician  towards  the  solution  of  the  patient's 
problems,  can  also  provide  economy  in  the  examinaiion.  Certain  corners  can  be  safely  cut  on  the 
basis  of  data  from  the  case  history  However,  other  short  cuts  cannot  be  made  without  potential 
detriment  to  the  patient  For  example,  visual  field  tests  and  ophthalmoscopy  should  never  be 
hv passed  because  of  the  danger  of  overlooking  disease,  systemic  or  of  the  visual  system.  It  is 
questionable,  however,  whether  it  is  economically  reasonable  to  perform  extensive  testing  of  the 
eves  refractive  system  on  a  young  adult  with  20/15  vision  and  no  complaints.*  This  type  of 
patient,  often  seen  in  a  university  clinic,  comes  in  seeking  a  “check-up.” 

There  are  certain  key  words  or  phrases  in  a  case  history  that  tell  the  clinician  what  the 
problem  is  even  before  all  the  data  from  the  examination  are  in.  An  individual  in  the  4th  to  5th 
decade  m  life  who  'can’t  read  the  telephone  book'  or  finds  his  ‘arms  too  short  to  read  the  paper 
obviously  needs  a  convex-lens  presbyopic  correction  to  see  clearly  at  neat.  A  student  who  finds 
be  cannot  read  the  blackboard,  especially  if  he  sits  at  the  rear  of  the  classroom,  is  probably 

’One  of  ihe  reasons  that  ophthalmologists  spend  much  less  time  performing  general  eye  examinalions 
'bin  optometrists  appears  lo  be  based  on  this  principle  The  ophthalmologist  feels  a  minimum  of  data  is  ade- 
qua'e  lor  paiient  satisfaction,  whereas  the  optometrist  often  tends  to  believe  in  a  maximum  Once  pathological 
processes  are  ruled  out  it  becomes  primarily  an  economic  mailer,  which  presumably  could  be  pul  to  a  test 
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a  myope  who  is  going  to  need  a  concave-lens  prescription  for  distance,  and  so  on  <)l  course  ihe 
eye  refraction  is  still  necessary,  not  only  to  determine  how  much  spherical  power  is  required  lor 
each  eye.  hut  also  the  cylindrical  lens  required  to  correct  any  astigmatism 

The  case  history  gives  the  clinician  the  chief  as  well  as  secondary  complaints  ol  the  patient 
The  clinician  can  gauge  the  strength  of  these  complaints  and  the  degree  of  the  patient's  desire  t. . 
overcome  them,  and  what  he  is  willing  to  pay  in  cosmetic  changes,  inconvenience,  money,  and 
lime  for  possible  solutions  to  his  problems.  In  automated  eye  examinations  the  case  history  is  n< 
less  important.  Although  Ihe  computer  may  hot  yet  be  able  to  use  all  the  subtle  information 
extractable  from  the  case  history  (because  of  the  short  cuts  necessitated  by  the  use  ol  ihe  com 
puler),  n  is  no  less  important  than  in  manual  examination  Any  additional  examination  nmc  usu 
ally  costs  the  patient  no  more  than  his  own  time.  Most  patients  do  not  consider  their  time  as 
being  as  valuable  as  a  doctor’s,  especially  if  they  (rather  than  a  third  parly)  are  paying  for  the  ser¬ 
vice  With  the  development  of  subtleties  in  the  flow  charts,  the  time  required  for  various  parts  ol 
the  computer-assisted  examination  should  be  reduced  and  approach  that  required  lor 
manual  examination. 

The  case  history  allows  the  clinician  at  the  conclusion  of  the  computer-assisted  eye  exami¬ 
nation  to  accept,  modify,  or  reject  the  recommended  prescription  determined  by  the  computer, 
which  can  be  programmed  for  maximum  visual  acuity.  How  well  does  the  computer  obtain  the 
necessary  information  from  the  patient'.’  The  answer  was  obtained  on  a  number  of  patients,  first 
in  a  computer-simulated  interview,  in  which  the  branching  program  questions  were  read  from 
cards.  Later,  when  the  hardware  and  software  became  available,  the  actual  computerized  version 
was  administered  (Marg  et  al.  1972).  Before  discussion  of  our  case  history-taker,  a  discussion  of 
medical  studies  in  this  field  is  appropriate. 

Automated  Medical  Case  Histories 

Long  before  the  advent  of  computers  on  the  health  scene  it  was  recognized  that  the 
recording  of  a  medical  case  history  might  be  done  in  a  way  to  reduce  the  time  required  ol  the 
physician.  Various  schemes  have  been  used.  Check  lists  have  been  given  to  patients  to  mark  the 
indicated  responses  either  alone  or  with  the  aid  of  a  nurse-receptionist  Some  of  these  lists  could 
be  automatically  processed.  One  version  uses  questions  printed  on  standard  computer  punch 
cards  which  the  patient  separates  into  two  boxes,  one  for  ms  and  the  other  for  no.  The  cards  are 
later  fed  into  a  card  reader  for  batch  computer  processing 

In  principle  an  interactive,  branching  program  case  history  should  be  superior  Branching 
allows  the  flushing  out  of  details  of  a  problem  as  a  human  interviewer  would  do,  with  the  skipping 
of  the  detailed  questions  that  are  not  germane  for  a  particular  patient  Interaction  with  an  on-line 
computer  allows  '^petition  of  questions  and  fuller  explanations  where  necessary.  Warner 
V  Slack  has  pioneered  in  automated  branching  medical  case  histories.  He  generates  the  questions 
in  printed  form  on  the  face  of  a  cathode-ray  tube.  In  addition  to  general  medical  interviews  he 
has  reported  results  on  interviews  for  medical  specialties  such  as  allergy  and  gynecology  Slack 
and  his  colleagues  (Slack  et  al.  1966,  Slack  and  van  Cura  1968.  Slack  1969)  find  that  the 
computer-conducted  case  histories  are  more  complete  than  comparable  ones  obtained  in  the  con¬ 
ventional  way  by  a  physician.  The  computer  interview  takes  longer,  but  it  is  estimated  that  a 
comparably  complete  history  taken  by  a  physician  would  take  equally  long.  Slack  and  van  Cura 
(1968)  report  that  the  method  is  well  accepted  by  patients.  In  fact,  it  was  preferred  to  a  clinician  s 
interview  by  women  taking  the  gynecological  program  because  they  felt  less  sensitive  in  respond 
mg  to  a  machine  about  questions  which  if  posed  by  a  physician  might  embarrass  them 
Of  course,  initial  acceptance  can  be  biased  by  the  novelty  of  the  situation  and  the  personal  atten¬ 
tion  given  subjects  in  an  experiment,  the  so-called  Hawthorne  efTect  of  industrial  engineering 

Grossman  et  al  (1971)  have  analyzed  a  computer-based  general  medical  interview  pro¬ 
gram  in  regard  to  both  patient  and  physician  acceptance.  Generally  the  patient  accepts  the 
method  well  but  not  the  physician,  apparently  because  he  has  been  trained  in  a  different  way 
The  physician  asks  questions  during  an  interview  searching  for  the  problem  while  making  tenta¬ 
tive  possible  differential  diagnoses.  While  he  may  not  be  as  systematic  and  thorough,  he  is  all 


while  mak  ng  alternative  hypotheses  m  ihe  course  of  gening  to  the  heart  of  the  problem.  If 
i'  halide1 1  a  printout  interview  he  still  goes  through  this  process.  He  may  feel  he  is  saving 
.•tie  time  and  is  forced  to  use  cold,  second-hand  information  with  a  loss  of  nuances. 

A  though  a  number  ol  companies  have  offered  computer-based  interviewers  in  the  past, 

■  I'l'.ircntlv  none  has  survived,  doubtless  because  of  a  lack  of  physician  acceptance  Searl  Medi- 
. !  r  i  had  a  computer-based  on-line  multiphasic  examination  system  incorporating  a  case  history 
*"\ti  is  still  in  use  around  the  country  It  consists  of  a  slide-presented  carousel  display  (four  to 
u't  slide  i  that  allows  up  to  about  3(H)  separate  displays  ol  multiple-choice  questions.  The 
iiu long  program  is  on-line  as  the  first  in  the  multiphasic  test  series.  Although  this  test  has 
widelv  available,  n  has  not  (no  more  than  the  rest  of  the  multiphasic  examination)  won  gen¬ 
ii  phvsktan  acceptance,  in  part  because  there  is  doubt  that  multiphasic  examinations  are  cost 
if:  1  ve  Our  design  of  a  case-history  interview  system  for  eye  examinations  (Marg  et  al. 

was  based  on  the  assumptions  that  the  patient  could  not  necessarily  see  to  read  (al  least 
ilier  the  examination)  and  that  he  could  not  effectively  use  a  teletypewriter  keyboard.  The 
si  .ns  were  presented  over  a  loudspeaker  from  a  prerecorded  audiomagnetic  tape  controlled  by 
..■mpuier  The  patient  responded  by  means  of  three  pushbuttons  on  an  answer  box  labeled 
b-uhttm  and  n o  (Plate  B>  Belore  the  patient  was  seated  at  the  loudspeaker  and  answer  box, 
perator  typed  in  (via  (he  teletypewriter)  the  patient's  name,  age,  sex,  occupation,  and  so 
Iniliallv  ihe  pushbutton  box  had  an  extra  pushbutton  to  enter  the  response  of 
i  the  three  buttons  mentioned  earlier  Later  the  entry  button  was  eliminated,  along  with  a 
s’-. .11  signal  light  which  extinguished  to  indicate  acceptance  by  the  computer. 

Lach  of  the  three  buttons  was  used  for  different  shades  of  meaning.  The  yes  button  also 
was  used  for  sometimes  ’  Doubtful  also  meant  ‘don’t  know,’  ‘don’t  understand,’  or  ‘repeat’.  No 
could  also  mean  not  applicable  ’  This  procedure  differed  from  previous  medical  case  histories  in 
that  the  questions  were  presented  in  an  audio  rather  than  visual  written  mode.  The  advantage  is 
that  the  interview  could  be  given  to  a  patient  who  was  effectively  blind  or  illiterate.  A  price  paid 
lor  audio  presentation  was  that  only  single  questions  could  be  asked  at  a  time  instead  of  the  possi- 
hility  of  a  half  dozen  questions  presented  simultaneously  with  a  separate  pushbutton  for  each 
.newer  Another  departure  from  past  practices  was  the  simplification  of  responses  into  three  ve.s, 
vtul.  and  no  instead  of  separate  responses  for  shades  of  meaning  distinguishing  between 
1  ft  know,  don't  understand,  and  repeat  Multiple-choice  questions  which  were  simple  with  a 
•miliipushhuiton  slide  display  were  not  possible  here  The  decision  for  the  simplified  audio  sys- 
•cm  w .I-,  also  influenced  by  the  greater  simplicity  of  the  hardware  available  at  that  time,  which  was 
huili  with  a  standard  solenoid-operated  reel-to-reel  or  cassette  tape  recorder. 

Hardware 

The  system  was  controlled  by  a  Digital  Equipment  Corp.  PDP-8/E,  although  initially  a 
l’DP-8/l  was  used  The  computer  I/O  equipment  included  a  teletypewriter,  a  two-track  stereo 
rccl-to-reel  tape  recorder  which  was  solenoid  operated,  and  the  response  box  described  earlier. 

I  he  response  box  was  interfaced  with  the  computer  through  the  static  input  buffer.  Although  the 
programs  were  stored  on  a  magnetic  disk,  this  storage  mode  was  used  for  convenience,  since  the 
tin.il  svstem  was  planned  without  it  A  disk  would  be  needed  only  if  multiprocessing  or  timeshar¬ 
ing  for  more  than  one  interview  at  a  time  were  to  be  developed.  The  core  memory  consisted  of 
4K  12-bit  words  and  a  1.5  >tsec  memory  access  time.  The  static  input  buffer  and  the 
viatic  output  buffer  each  used  three  of  the  12  bits  available. 

The  vocally  recorded  questions  were  on  one  of  the  two  parallel  tape  tracks;  the  other  ear¬ 
ned  prerecorded  pulse  sequences  for  control  of  the  tape  positioning.  The  sequential  binary-coded 
absolute  addresses  were  spaced  at  about  0.5-sec  intervals.  These  addresses  were  converted  to 
l.giial  form  and  used  in  a  control  procedure  which  allowed  the  positioning  or  repositioning  of  the 
tape  at  any  desired  address.  The  operation  of  the  recorder  was  initiated  through  the  static  output 
buffer  which  could  select  four  states,  namely,  play  (slow  forward),  reverse  (fast  backward),  fast 
torvard,  and  stop  The  verbal  messages  were  recorded  in  the  sequence  of  the  branching  program 
inti  access  was  generally  accomplished  within  a  few  seconds  after  the  last  response. 
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PLATE  B  Automated  case-history  interview 


■  mipuit  r  Program 

I  he  tin.il  output  <>l  the  program  produced  a  list  of  positive  and  negative  responses  describ- 
e  u  patient's  visual  status  (tig  4  I)  The  inputs  were  the  question  list,  the  algorithms  for 
sing  the  questions,  and  the  on-line  responses  of  the  patient  as  the  interview  proceeded  The 
.led  list  nt  answers  was  organized  for  use  in  coded  form  as  input  to  subsequent  parts  of  the 
.summation  and  also  expanded  text  form  as  a  narrative  or  summary  outline  case  history  for 
,  unman 


INITIALIZATION 

SET  UP  working  list  TO  INCLUDE 
ALL  QUESTIONS  ALWAYS  ASKED 


GET  NEW  QUESTIONS  (If  ANY) 
FROM  DATA  BLOCK  ANO  A00  TO 

WLIST 


MARK  TMS  QUESTION  AS 
A  PERMANENT  DOUBT- | 
FUL  ANO  HAVE  WLIST 


FIG  4-1  Case-history  flow  chart 
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The  branching  program  was  initially  sei  up  with  two  lists  One  consisted  of  all  the  quv' 
lions  along  with  pertinent  information  about  each  question  such  as  its  location  on  audio  tape  an. I 
sublists  of  questions  to  follow  dependent  on  the  patient’s  response  The  other  list  consisted  nl 
basic  questions  which  were  invariably  asked  It  formed  the  basis  for  departure  in  operating  the 
program 

The  control  program  updated  the  original  list  of  questions  forming  a  working  list  Asv.ci 
ated  with  each  question  was  a  res  list  and  a  no  list  composed  of  the  question  numbers  to  be  added 
to  the  working  list  in  the  event  of  a  tvs  fir  no  answer  The  working  list  grew  during  the  run  start 
ing  as  the  initial  list  of  questions  Later  it  became  the  list  of  questions  still  to  he  asked,  and 
finally  a  record  of  those  asked  The  res  and/or  no  lists  would  be  empty  for  nonbranching 
questions  They  served  to  obtain  the  required  data  but  did  not  alter  the  question  flow 

Operation 

At  the  beginning  (he  patient  was  instructed  by  a  recording  over  the  loudspeaker  on  boss  n 
respond  to  the  questions.  When  the  doubtful  button  was  pressed  the  question  was  repeated  I  he 
program  moved  on  to  the  next  question  following  three  doubtful  responses  after  storing  the 
appropriate  number  After  the  dynamically  up-dated  working  list  of  questions  was  completely 
processed,  the  program  presented  once  more  any  of  the  missed  questions  Any  answers  would 
be  used  to  update  the  working  list. 

The  Case-history  Interview  Program 

When  our  work  in  this  field  was  started  we  could  find  no  systematic  study  of  case  history 
questions  in  eye  examinations.  A  few  textbooks  give  some  generalities  based  on  the  clinical 
experience  of  the  author,  but  no  experimental  investigations  were  found  in  the  literature  We. 
too.  had  to  use  clinical  experience  as  our  guide. 

The  program,  which  is  shown  in  Appendix  I,  consists  of  almost  200  questions  They  arc- 
organized  into  a  branching  program  where  the  patient's  response  to  a  question  determines  the 
next  question  to  be  presented.  Some  of  the  questions  are  generic  ones.  They  raise  a  general 
question  which  if  answered  affirmatively  elicits  a  series  of  clarifying  and  quantifying  questions  on 
subtopics.  If  the  basic  question  is  answered  negatively,  all  the  satellite  questions  under  it  arc- 
skipped  Some  of  the  major  generic  questions  are:  Are  you  troubled  in  any  way  with  blurred 
vision'1  Have  you  headaches,  eye  pain  or  eye  strain,  or  fatigue?  Do  your  eyes  burn,  smart,  itch 
or  tear,  or  otherwise  feel  irritated’1  Have  you  ever  had  crossed  eyes  or  an  eye  that  turned  out  ’ 
Are  there  other  abnormal  things  about  your  vision  that  bother  you?  Have  you  an  eye  disease" 
Are  you  at  present  under  the  care  of  a  physician  for  anything'’  Do  you  wear  contact  lenses" 
Have  you  ever  worn  glasses  to  correct  your  vision?  Do  you  want  spare  glasses  or 
special-purpose  glasses’ 

The  questions  should  not  be  considered  fixed  and  final  but  as  a  base  from  which  to  make- 
modifications,  especially  expansions.  Different  populations  may  require  different  questions  or  at 
least  different  emphasis  and  phraseology.  Even  common  attitudes  of  the  times  can  give  different 
connotations  to  words  that  can  distort  the  intended  meaning. 

Clinical  Trials 

Before  the  hardware  and  software  were  available,  a  preliminary  version  of  the  question¬ 
naire  was  typed  on  file  cards  and  administered  manually  to  53  clinic  patients.  The  patients  were 
asked  the  questions  verbally,  following  the  cards  in  the  branching  program  in  a  manner  simulating 
an  automatic  interview.  The  patient's  responses  were  restricted  to  the  three  pushbutton 
answers.  This  shakedown  trial  proved  to  be  valuable  because  the  need  to  change  the  phraseology 
of  some  of  the  questions  became  obvious.  Connotations  of  words  were  sometimes  critically 
important.  For  example,  initially  the  patient  was  asked  if  he  was  taking  any  drugs.  In  a  univer¬ 
sity  community  during  this  period,  drugs  could  mean  not  only  chemicals  in  the  pharmacopoeia 
but  also  hallucinogens  and  narcotics.  The  question  was  modified  to  ask  ‘Are  you  taking  any 
form  of  medication?’ 
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knottier  point  that  seemed  obvious  after  the  tael  was  discovered  from  the  preliminary  tri- 
.  .  I  tv  human  clinician  has  no  hesitation  in  asking  a  patient  it'  she  is  pregnant  He  does  nol 
,  | dial  in  posing  ihis  question  he  is  making  at  least  two  decisions  that  must  be  explicitly  pro- 
c  ’'rued  in  ail  automatic  system  (I)  the  patient  is  female,  and  (2)  she  is  of  childbearing  age. 

!  .  :u,t  is  simple,  since  even  il  it  should  nol  be  visually  apparent,  there  is  no  reason  that  the  ori- 
.  ,  .-nuance  information  on  the  patient's  age  and  sex  should  not  be  noted  correctly.  The 
■  I  i  eq uires  more  ludgment  Biologically  childbearing  age  spans  the  12th  up  to  about  the  50th 
However,  there  may  be  some  reluctance  to  ask  a  12-year  old  girl  the  question  since  the  first 
.  cm. ok v  in  our  society  has  commonly  come  alter  lb  to  18  years  of  age  Similarly,  at  the  other 
!  die  scale  it  might  be  considered  ungallant  not  to  ask  a  postmenopause  patient  the  question, 

.  ..led  she  is  short  o!  being  octogenarian 

[lie  improved  version  of  the  questionnaire  was  recorded  on  tape  and  was  administered  to 
'  ,1  ..ms  who  volunteered  for  the  additional  interview  The  same  patients  were  also  inter  - 
.  .-wed  bv  clinicians  who  did  not  know  that  their  ease  histories  were  being  compared  with  those 
v.'".  be  computer  The  results  of  the  two  series  were  compared  and  judged  on  the  following 
i’l.i.irsiics  Mi  completion  time.  (2t  determination  of  chief  complaint,  (3)  determination  of 
-  .  "  I.iiv  complaints.  < 4 1  strength  of  reported  distress,  need,  desire,  and  (5)  patient  understand- 

■  c  mu!  education 

.  •  ■ ,  ...  /  nil 

I  he  automated  case  history  averaged  a  completion  time  of  25  minutes  with  a  range  of  15 
-t.'  minutes  Part  ol  the  time  was  lost  in  waiting  for  the  next  question,  especially  when  the  sys- 
"  h  id  to  search  lor  a  question  which  was  out  of  the  order  of  normal  sequence  This  problem 
"c  overcome  hv  improved  hardware  The  only  limitation  in  this  regard  is  cost  Two  or  more 
nlers  can  be  used  so  as  to  be  ready  to  play  as  soon  as  an  answer  to  the  previous  question  is 
. .c nailed  Speech-synthesizing  techniques  or  multiple-track  recorders  can  be  employed  but  their 
.  .rent  costs  are  too  high  for  some  200  questions  if  one  is  to  have  a  reasonably  economical  sys- 
\m  currently  IhK  bits  of  memory  are  required  for  each  second  of  digitally  based  speech  This 
•  ■  in  economic  approach  for  long  messages,  but  new  developments  in  speech  synthesis  point 

esc  expensive  solutions  in  the  near  future 

I  he  length  of  time  required  for  the  automated  case  history  can  be  reduced  in  other  ways. 
\  c  t.i 1 1  v  presented  multiple-choice  questions  are  faster  The  fact  remains,  as  has  been  shown  in 
"  medical  interviews  mentioned  earlier,  that  automatic  systems  devised  to  date  intrinsically  take 

■  ■I'get  because  they  do  nol  take  full  advantage  of  the  shortcuts  taken  by  a  clinician  and  they  are 
'"  a  .  complete  It  can  be  argued  that  they  are  unnecessarily  complete  but  it  can  be  countered  that 

■c  worth  being  thorough  in  the  health  held  where  the  significance  of  data  is  not  always  immedi- 
i'.'iv  apparent 

Our  taped  automatic  system  was  relatively  slow  between  questions.  In  the  worst  case  il 
ok  ilrnosi  a  minute,  but  that  was  not  typical.  The  average  question  with  12.8  syllables  took  4 
S'c'c  'il  present,  and  the  response  took  I  8  sec  When  the  patient  had  difficulty  responding  to  a 
questu'-..  me  time  averaged  about  1 1  sec  with  a  range  of  4  to  25  sec.  The  overall  response  time 
w  ic  '  X  sec.  which  is  close  to  the  7-sec  response  line  reported  by  Slack  et  al.  (1966). 

t  . 

The  program  can.  of  course,  be  lengthened  or  shortened.  It  can  be  lengthened  by  the 
•.’Melon  ol  questions  to  bring  out  finer  shades  of  meaning,  or  it  can  be  shortened  to  take  less 

nmc 

It  it  were  easily  possible  to  prejudge  the  intelligence  of  the  patient,  more  than  one  ques- 
‘iin.ure  could  be  used  The  administration  time  and  the  completeness  of  the  interview  could  be 
mproved  with  a  higher  intellectual  level  of  questions.  It  also  might  be  possible  to  reduce  the 
time  taken  for  the  interview  by  the  use  of  physiological  responses  rather  than  voluntary  responses 
via  pushbuttons  These  responses  might  include  reaction  time  and  heart-rate  (Slack 
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1971)  as  well  as  respiration  and  galvanic  skin  response  This  approach  was  tried  by  Hung  jiw 
Marg  (1973)  and  the  data  were  found  wanting  Only  the  eyelid  blink  had  any  predictive  v.ilu. 
but  it  was  not  predictive  enough  to  he  used  in  a  practical  system  Multiple-choice  questions  un,.  1 
reduce  the  time  required  hut  it  is  not  practicable  to  present  such  questions  verbally 

Clnel  Complaint 

In  three  cases  out  of  twenty-seven  the  computer  failed  to  determine  the  chief  complain: 
treason  for  coming).  The  first  example  was  a  student  who  wanted  the  experience  ol  an  eve 
examination  since  he  was  contemplating  entering  optometry  school.  The  second  returned  alter  i 
previous  examination  in  the  clinic  in  response  to  being  told  to  return  at  a  later  date  to  have  hi- 
fundus  reexamined.  The  third  patient  arrived  because  he  had  experienced  transient  amaurosis 

None  of  these  reasons  was  covered  in  our  questionnaire  at  the  time  The  student  win 
simply  wanted  the  experience  had  an  extraordinary  reason,  but  the  other  two  should  have  been 
identified  Subsequent  versions  of  the  case  history  include  many  more  possibilities,  hut  no  dnuhi 
further  unforeseen  complaints  will  surface  and  appropriate  questions  will  be  needed  Such  (mis¬ 
sions  do  not  invalidate  the  automatic  methods  since  the  number  ol  programmable  question'  s 
virtually  unlimited.  For  improved  coverage,  experience  will  be  needed  with  particular  groups  ol 
patients  who  are  to  be  served  in  their  normal  environment  Easy  editing  of  the  program  is  thus 
an  important  part  of  any  system,  requiring  a  high-level  computer  language 

Secondary  C  imiplamls 

The  computer  elicited  131  secondary  complaints,  or  an  average  of  4.3  per  patient  It  was 
superior  to  the  clinicians  perhaps  because  they  did  not  bother  to  seek  them  or  did  not  bother  to 
record  those  they  heard.  Thirty  of  the  secondary  complaints  had  to  do  with  asthenopia 

In  some  instances  the  secondary  complaints  were  not  supported  by  the  actions  ol  the 
patients,  which  indicates  a  lack  of  validity.  For  example.  90%  of  the  patients  mentioned  desires 
for  new  ophthalmic  materials  such  as  lenses,  frames,  and  contact  lenses,  but  most  patients  when 
questioned  verbally  did  not  want  to  purchase  such  materials.  Apparently  the  attitude  lacked 
monetary  support 

Twenty  secondary  complaints  were  discovered  by  clinicians  that  the  computer  system  failed 
to  identify  Eleven  of  them  were  missed  because  relevant  questions  were  not  included  in  the  sys¬ 
tem  Three  involved  the  names  of  drugs  and  one  an  illness  which  could  be  typed  in  on  t he  tele¬ 
typewriter  but  not  easily  lilted  into  a  branching  program  of  reasonable  size  If  more  questions  are 
available,  there  is  less  possibility  of  the  patient  becoming  frustrated  because  he  feels  he 
is  not  getting  his  message  through  However,  too  many  questions  would  require  too  long  a 
period  of  patient-machine  interaction. 

Distress.  Seed,  or  Desire 

An  important  aspect  of  the  eye  examination  which  is  mastered  by  the  human  clinician  is 
the  gauging  of  the  importance  of  the  complaint  or  desire  reported  in  response  to  questions  l  or 
example,  a  patient  who  says  he  would  like  contact  lenses  must  be  carefully  questioned  to  deter¬ 
mine  whether  he  wants  them  enough  to  warrant  the  expense,  nuisance,  and  transient  discomfort 
of  fitting  Patients  may  say  their  eyes  are  irritated  from  reading,  but  the  distinction  between  an 
actual  source  of  discomfort  and  a  relatively  unimportant  complaint  must  he  made  The  human 
interviewer  looks  for  signs  of  the  strength  or  severity  of  the  complaint  He  may  find  them  in  ver¬ 
bal  as  well  as  nonverbal  behavior  during  the  response.  These  cues  are  denied  to  the  computer  It 
may  be  possible  to  use  polygraphic  (lie  detector)  techniques  to  clarify  this  point,  but  our  experi¬ 
ence  with  these  methods  do  not  encourage  us  in  this  regard  (Hung  and  Marg  1973) 
A  human  interviewer  draws  out  the  patient.  He  points  out  the  costs  and  inconveniences  of  con¬ 
tact  lenses,  and  asks  if  the  eye  irritation  is  severe  enough  to  make  the  patient  cease  reading  or 
sewing.  Similar  questions  would  enable  the  computer  system  to  analyze  patient  responses  in  the 
same  way  and  should  be  used  in  these  programs. 
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I  ■■,!<  me  i/i/i iihoii 

l!v.'  hum, in  clinician.  depending  on  lime  anil  inclination.  answers  the  patient's  questions 
,  .  ,  Hi  In  give  him  a  heller  understanding  ol  various  concepts  in  relation  In  his  visual  Punc- 

I  "  '  prmess  includes  explaining  words  nr  concepts  unlamiliar  to  some  patients  Such 
•n  i'  c aii,  «ii,  or  alternate  terms  such  as  mulur  liv/tciit'imon.  are  often  not  understood  by  the 
|i  is  possible  to  program  the  case  history  taker  to  give  explanations  of  these  terms  if  they 
, 1 1  understood  for  example,  following  a  doubtful  response  to  the  question  Have  you 
_■  ,.,v  'iii.i  "i  ocular  hypertension  ’  a  further  and  detailed  explanation  could  be  available  before 
everts  to  the  original  question  lor  another  response  The  computer  would  tutor  the  patient 
n  ibe  human  interviewer  does  when  he  has  the  lime,  patience,  and  inclination 

(  .inclusions 

I  he  computer  case-history  taker  works  In  an  ophthalmic  examination,  case-history  taking 
,  doctor  is  generally  very  short  The  computer  generally  takes  more  than  15  minutes.  It  may 

s,  spoiled  whether  it  takes  the  doctor  as  long  to  go  over  the  printout  of  the  computerized  ease 

,  t ;  ,i'  it  docs  to  take  ii  Jr  ii cm  In  other  words,  is  the  computerized  case  history  cost 
tie. live  '  h  clearly  would  not  be  if  the  patient  s  time  were  considered  as  valuable  as  the  doctor  s. 
i  in.  must  not  lorget  in  the  equation  ol  evaluation  that  a  computerized  case  history  provides  a 
,,  mi  printout  I  he  patient's  record  is  stored  safely  in  the  databank,  ready  for  review 

,  iiu  nine  it  is  recalled  Completeness,  thoroughness,  rapid  access,  and  excellent  legibility  are 

.ertainly  worth  considering  However,  unlike  the  case  for  cost  effectiveness  in  computerized  sub- 
lective  eye  examination,  that  for  computerized  case  history  has  yet  to  be  established. 
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Chapter  5 

[  XI’ERIEM'ES  W  ITH  MODI  CAR  EYE  EXAMINATION 
Robert  I).  Reinecke 

pin  is  I  i  mis  .  haptei  is  in  <  tin  lino  my  experiences  in  developing  a  modular 
i  tiiii  Imt It  positive  iheneliisi  and  negative  (disadvantages)  The  general  thrust 
i,  ■  stioul.l  be  .ipplk.ible  to  anv  large-scale  eye-examining  facility  where  maximum 
.>•  ;  uned  pioiession.ils  needs  to  he  meshed  with  ellieient  utilization  of  the  most 
:  s|cv  i  1 1 1  v  when  the  opeiatum  lunclions  in  ,i  preplanned  manner 
i  ip-  t.li.wiion  and  its  use  are  described  Guidelines  must  he  set  up  by  all  health  pro- 

,  .;•>  -d  as  to  who  sees  wh,d  hind  ol  patient  based  on  this  type  of  data.  In  most 

••..ision  would  he  that  the  ophthalmologist  would  see  .ill  potentially  diseased 
■  p-  mettisi  would  i.the  care  ol  all  retraction  devices  and  problems,  and  patients  with 
•u-  eve  disease  would  he  returned  to  the  general  practitioner  The  triage  formula- 
.s  v.  hei e  is  one  that  was  used  in  such  a  setting  at  the  Harvard  C  ommunity  Health  Plan. 

. ,  , 'i,  was  gleaned  I  mm  this  type  ol  operation  It  is  essential  that  optometrist  and 

e-o  .dee  on  all  tv  pcs  ol  triage  bach  and  forth  between  the  two  groups  of  profession- 
1 1  i  patient  will  he  umlerireaicd  in  any  wav  Other  means  of  triage  can  doubtless  be 

I,  Vi. led  I  hose  expressed  here  were  in  complete  accord  wilh  the  professionals 

s  pittivuljr  setting  In  most  prepaid  health  groups,  both  the  optometrist  and  the 
civ-  i  iv,  m  overload  ol  patients  and  there  will  certainly  he  no  competition  between 
,;-s  h  a  iddition.il  patients 

should  he  clarified  at  the  outset  I  he  tirst  is  the  term  module,  which  wall  be 
,  i  n._'  subsegments  o|  the  complete  eye-care  unit  for  example,  an  automated 
■  ■  c  I  'via:  would  he  considered  one  such  module,  a  refrwctoiiieler  another  The  second 
I'.:  -vs.  1 1,  .n  between  via  I  a  collection  and  decisionmaking  and  delivered  services  This 

•  ..  vpreat  obvious,  howevei  medical  literature  and  Stale  laws  relating  to  professional 

veiv  n.i/v  m  tins  regard  Main  Slates  have  spec  die  leatu'es  in  their  laws  that 
, .-ion  -,i  ,,ne  kind  --I  phvsiologic.il  data  as  examples  of  medical  care,  whereas  other 

•  p"csiological  luiklions  ire  legalded  simple  as  data  collection  and  no  further 

-  .  ■.  .  •»  '  h  '.TTT 

Us-  car -I  Hiese  legal  considerations,  since  m  most  instances  either  an  ophlhalmolo- 
in,  ins!  Will  he  111  the  immediaie  vkiiiiiv  supervising  other  activities,  so  that,  gen¬ 
ii  ,i  -  .lata  v ,  lies t n >11  is  involved  Howevei.  it  is  important  to  distinguish  among  the 
- ,tu  c- pi : i  v  I  he  more  obiedivc  the  means  of  collecting  the  data,  the  more 
1  '  -o  have  data  collection  under  the  direction  ol  a  lesser-trained  individual  On  the 
I  greater  the  degree  to  which  a  particular  form  ol  data  collection  is  uncertain  or  an 
,,  t'am  II  IS  I,,  demand  a  highlv  trained  individual  to  make  th.it  data  collection  In 
*  "a. s'  -a  the  data  collection  having  to  do  with  eve  care  can  be  sufficiently  systematized  to 
a.  h-  done  hv  mmint.illv  trained  personnel  However,  that  does  not  in  any  way  reduce 
'  '  a  H'chlv  trained  supervision  ol  such  data  collection  to  insure  adequate  quality  control. 

1  discount  the  degree  ol  training  required  for  competence  in  analysis  of  the  data. 
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I  he  seci mil  Item  worthy  of  clarification  is  i hot  health-maintenance  i  rgamzulionx  an  ..h.i 
ousU  pea  reil  lo  effective  utilization  ol  the  eoneept  of  modular  eve  examination,  m  I  net  tmiil  1 
nn  own  experience  in  modular  examination  was  obtained  m  such  a  setting  I  leulth-inamlcn.i’K . 
organizations  are  not  a  new  concept.  Basically  the>  are  prep.ud  health-insurance  schemes  ol  a 
sort  that  have  been  in  operation  lor  main  tears  hut  recently  hate  been  popularized  undet  tic 
term  health-maintenance  organizations  or  HMDs  However,  prepaid  insurance  schemes  arc  v  ' 
synonymous  with  IIMOs.  lor  large  prepaid  health  plans  hate  considered  and  will  consider  HMu- 
as  means,  separate  from  themselves,  of  centralizing  the  health-delivery  services  to  their  menilv' 
Our  modular-examination  experience  seems  applicable  to  both  the  prepaid  insurance  .mil  HMn 
settings  But  that  does  not  mean  that  the  modular  concept  is  always  appropriate  or  most  aonnmr 
cal  for  either  prepaid  systems 

The  mam  advantages  claimed  for  IIMOs  are  their  cost  effectiveness  and  their  guarantee  M 
availability  of  services  to  the  user  at  a  set  prepaid  fee.  The  usual  strategy  is  to  employ  physicians 
and  to  make  every  attempt  to  increase  the  efficiency  of  these  doctors  by  generous  use  ol  paramed¬ 
ical  personnel  The  model  of  nurse  practitioners  in  the  pediatric  clinic  is  such  an  example  In 
general,  use  of  these  paramedics  has  proved  to  be  useful,  particularly  m  working  with  healthy 
children. 

In  the  IIMO  s  consideration  of  eye  care.  then,  economic  factors  are  ol  primary  impor¬ 
tance.  Since  the  salary  scales  for  ophthalmologists,  optometrists,  opticians,  technicians,  ami 
nurses  vary  in  proportion  lo  their  training  and  experience,  the  planners  ol  the  IIMOs  typically 
wish  to  maximize  the  talents  of  the  lowest-paid  individuals.  Yet  the  planners  ol  the  unit  must 
also  provide  medical  and  surgical  eye  cure  as  well  as  other  eye  services  to  the  group  I  bus.  an 
ophthalmologist  is  often  the  first  of  the  eye  team  to  become  employed  by  this  type  of  group  v 
the  outset,  the  ophthalmologist  can  take  cure  of  a  reasonable  patient  load  Typically,  the  eye  clinic 
load  m  such  an  institution  grows  rapidly  and  the  increased  demands  placed  on  it  require  planning 
for  expansion  to  be  made  and  implemenlcd.  In  this  chapter,  I  shall  try  to  outline  some  ways  in 
which  modular  eye  examinations  have  been  found  to  be  helpful  in  such  a  situation. 

Automation  is  certainly  an  important  consideration  in  setting  up  a  modular  unit  Smite 
observers  consider  automation  and  economy  as  synonymous  I  xperience  does  not  bear  them  out. 
as  we  shall  sec. 

Outline  of  the  Problem 

When  we  conceptualize  the  eye  examination  into  modular  steps,  we  have  two  basic  go.tU 
in  mind.  (1)  on  the  basis  of  various  modular  stations,  the  patient  must  be  triaged  to  the  most 
effective  professional  for  final  analysis  of  the  data,  and  (2)  when  the  patient  reaches  that  proles 
sional,  the  data  must  be  readily  accessible  so  the  professional  requires  only  a  minimum  of  further 
data  collection  before  decisionmaking  and  treatment  or  other  services  are  undertaken 

l  et  us  then  consider  live  typical  modules  history  taking,  visual-acuity  and  stereopsis 
measurement,  visual-field  measurement,  refraction  measurement,  md  intraocular  pressure  deter¬ 
mination  The  reason  for  considering  these  modules  first  is  that  many  devices  have  been 
developed  to  lest  these  parameters  that  make  them  particularly  suitable  for  consideration  as 
modular  units,  and  they  are  also  pertinent  for  operation  by  technicians  rather  than  professionals 

/  Ifisiary-lakinn  Module 

It  was  our  goal  to  develop  a  history-taking  device  that  would  be  compatible  with  out 
data-lo-storage  and  dala-displaying  device.  It  turned  out  ultimately  that  our  preoccupation  with 
this  device  and  other  aspects  of  automation  was  actually  a  mistake,  but  a  brief  review  ol  the 
attempt  illustrates  some  of  the  less-than-obvious  problems  involved 

A  cathode-ray-iube  (C'RT)— i.e.,  television -like— display  was  used  to  show  in  sequence  a 
scries  of  history-taking  questions  for  the  patient.  The  sequence  was  developed  via  a  branching 
technique,  in  which  positive  or  negative  responses  to  a  question  would  lead  the  computer  to  select 
the  next  appropriate  question  or  proceed  to  the  next  logical  consideration  of  the  history 
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Se\ oral  devices  currently  on  the  market  utilize  various  means  of  presentation  of  this  type 
r  .(.icrivs  to  a  subject  Obviously,  if  a  patient  has  serious  visual  problems  it  might  be  appropriate 
have  these  questions  available  in  the  audio  format  as  well  (Anyone  who  has  had  experience 
a  "•  mi  eye  clinic,  however,  would  recognize  that  the  majority  of  patients  have  relatively  good 
.  m  n  m  at  least  one  eye.  hence,  the  audio  format  is  not  a  high  priority.)  What  initially  prompted 
i,  use  the  CR  I  was  our  concern  with  the  objectivity  of  the  history  taking.  Our  enthusiasm  was 
qaiisli  dampened,  however,  since  we  found  that  it  was  necessary  to  have  the  patient  guided 
nigh  the  use  of  the  device  by  the  technician  in  almost  every  case.  Teaching  the  patient  to  use 

■  e  device  on  his  own  was  an  unproductive  didactic  venture  since  it  was  a  one-shot  effort  for  the 
pattern.  in  the  final  analysis  it  was  quicker  to  have  the  technician  simply  guide  the  patient 

•  ugh  II  an  HMO  has  a  large  series  of  history-taking  devices  used  on  a  repeat  basis  throughout 

■  c  enure  facility,  so  that  one  is  assured  of  repeated  use  by  the  same  patient,  then  perhaps  the 
mie  -.pent  leaching  the  patient  to  use  it  would  be  justified. 

After  we  completed  these  experiments  with  the  CRT  method,  it  became  apparent  that  the 
..vc  ut  a  written  format  would  be  just  as  appropriate  and  certainly  much  more  economical.  A 
•  .\ htiM.in  could  lust  as  well  guide  the  patient  through  a  series  of  written  questions.  Appropriate 
. kmarks  could  he  used  to  indicate  positive  or  negative  responses  and  a  branching  technique 
.  „M  he  accomplished  just  as  easily  In  such  a  written  format  the  process  is  somewhat  lengthier, 
sc  ihe  net  result  is  immediately  available  (as  opposed  to  problems  of  access  to  a  limited  number 
!  .  rnpuicr  terminals),  and  no  computer  expense  is  involved 

li  a  computer  is  being  used,  a  variety  of  clever  techniques  can  be  utilized  to  make  the  data 
collection  neater  However,  these  techniques  do  not  greatly  increase  the  efficiency  of  the  pro¬ 
cedure  for  example,  one  could,  alter  the  automated  refraction  is  done,  have  the  near  visual  acu- 
:  .  measured  without  any  near-add  and  again  with  the  near-add,  if  warranted  by  the  patient's  age. 
Ihe  decision  as  to  the  amount  of  add  would  be  dictated  to  the  technician  by  the  computer  accord- 
■ig  in  the  patient  s  age  and  occupation 

What  subjects  need  to  be  covered  in  a  history'.’  Most  books  on  eye  examination  detail 
them  in  a  complete  fashion,  or  a  lisi  could  be  developed  by  any  knowledgeable  ophthalmologist  or 
•I'lnmetrist  Obviously  informadon  such  as  the  patient’s  name  and  identification  number 
appropriate  to  that  clinic  (which  in  most  instances  is  the  Social  Security  number),  address,  tele¬ 
phone  number,  and  birthdate  should  he  included  Answers  to  a  query  as  to  what  visual  com¬ 
plaints  arc  present  can  be  broken  down  so  that  a  checklist  of  no  more  than  five  or  six  accounts  for 
aimost  "  of  the  chief  complaints  A  series  of  questions  pertaining  to  the  general  health  of  the 
patient  would  he  particularly  useful  to  anyone  doing  an  eye  examination  and  would  note  such  fac- 
rs  ts  a  history  of  diabetes,  drug  allergies,  heart  disease,  signs  and  symptoms  of  brain  tumors, 
headaches,  and  diplopia  Items  such  as  specific  drug  allergies  would  be  displayed  prominently  or 
flagged  on  the  history  Items  indicating  a  medical  problem  would  automatically  direct  that  patient 
lor  ultimate  triage  to  the  ophthalmologist  rather  than  the  family  practitioner  or  the  optometrist. 
\  vhort  family  history  should  also  be  taken,  particularly  in  regard  to  a  family  history  of  glaucoma, 
vrahismux.  or  cataracts  If  the  patient  is  a  child,  then  other  items  are  also  appropriate,  including 
hir'h  weight,  history  on  convulsive  disorder,  developmental  problems,  reading  problems,  or 
-pe.ihc  delects  for  which  the  parent  might  be  expected  to  have  some  concern  in  the  final  discus* 
Mon  about  disposition  of  the  patient 

.’  1  \iitil  li  wt\  and  Stervopsts  Module 

Many  attempts  have  been  made  over  the  years  to  automate  the  measurement  of  visual 
k aitv  None  of  them  has  met  with  outstanding  success.  The  most  effective  method  still  seems 
'ii  be  to  teach  a  technician  how  to  measure  visual  acuity  However,  the  method  developed  by 
( rossman.  (ioodeve.  and  Marg  (1970)  and  applied  by  Marg  and  also  by  Decker  et  al.  (1975)  may 
be  an  exception  Even  that  has  distinct  limitations,  for  the  astute  clinician  would  certainly  be  able 
o  learn  many  things  by  measuring  the  visual  acuity  himself.  If  the  patient  has  20/20  vision 
through  his  present  prescription,  that  fact  comprises  a  significant  item  in  the  triage  of  patients,  for 


reasons  we  shall  review  below  II  ihe  patient  has  noi  20/20  vision  hui  van  .ivhiv. 
20/20  with  the  pinhole  visual-acuity  lest,  that  too  is  significant  in  the  triage  process  Quality  von 
trol  is  particularly  important  in  the  visual  acuity  module  The  technician  often  tends  to  repot ' 
good  visual  acuity  when  less  that  that  exists,  or  else  may  not  encourage  the  patient  to  make 
efforts  toward  good  visual  acuity  which  he  could  easily  obtain  with  a  minimum  of  encouragement 

At  this  same  station  or  at  the  refraction  station,  it  is  usually  appropriate  to  have  the 
patient's  glasses  carefully  measured  That  can  be  done  automatically  with  some  of  the  new 
refracting  instruments,  but  in  any  event  a  technician  can  easily  be  trained  to  obtain  most  ol  the 
significant  data  from  the  patient's  old  glasses.  Once  again  an  astute  clinician  could  learn  much 
more  by  measuring  them  himself,  but  one  cannot  ordinarily  afford  this  luxury  in  this  type  ol 
patient  management. 

At  the  time  of  my  experience  in  setting  up  a  modular  eye  unit,  stereopsis  measurement 
was  not  utilized  as  a  routine  screening-test  medium  owing  to  its  apparent  lack  of  reliability  in  such 
applications  Since  that  time,  it  has  been  found  that  when  an  appropriate  stereo  test  is  used,  such 
as  the  Random  Dot  E,  stereo-based  visual  screening  is.  in  fact,  very  reliable,  especially  for  detect¬ 
ing  amblyopia  and  the  more  serious  ocular  motility  problems.  (This  particular  test  is  notewnrthv 
in  that  it  can  be  used  with  young  children  whom  it  is  often  difficult  or  impossible  to  test  reliably 
with  most  visual-acuity  measures  )  Thus,  stereo  screening  should  be  included  along  with 
visual-acuity  testing  in  this  module,  by  means  of  a  reliable  stereo  test  such  as  the  Random  Dot  E 
Indeed,  it  is  not  only  feasible  but  would  be  useful  — in  view  of  the  ease  of  use  and  reliability  ol 
the  Random  Dot  E  type  of  test— for  other  members  of  the  health-maintenance  organization  or 
other  facility  with  which  the  eye  care  unit  is  associated  to  do  this  screening  as  well  In  view  of  the 
importance  of  early  detection  of  motility  problems  in  children,  local  pediatricians  and  family  prac¬ 
tice  physicians  should  also  be  encouraged  to  do  stereo  screening 

3.  Visual-field  Measurement 

Every  patient  tested  in  this  setting  should  have  his  visual  field  measured  with  the  best 
equipment  available;  otherwise,  in  our  experience,  significant  pathology  may  be  overlooked  With 
this  in  mind,  it  should  be  noted  that  all  the  present-day  automated  field-measuring  devices  have 
limitations.  The  manager  of  such  an  eye-care  facility  must  insist  on  quality-control  checks  From 
time  to  time  a  patient  with  a  known  visual  field  defect  should  be  sent  through  the  system  in  an 
unidentifiable  or  nonfiagged  manner  to  provide  a  check  of  the  technician's  skill  The  available 
field-measuring  instrumentation  is  generally  good;  in  our  experience,  automated  field  devices  vir¬ 
tually  unfailingly  detect  significant  pathology.  Patients  past  the  age  of  ten  or  so  usually  cooperate 
in  the  use  of  field-measurement  device  and  typically  they  enjoy  it. 

Any  field  defect  that  is  noted  is  used  to  flag  that  patient  as  an  appropriate  referral  to  the 
ophthalmologist  after  all  the  data  collection  is  done.  (The  patient  should  complete  the  basic  set  of 
modules  whatever  his  disposition.)  Thus,  the  decision  for  triage  is  not  made  until  the  last  step,  in 
the  present  example,  after  the  intraocular  pressure  measuring  station 

Many  patients  have  some  apprehension  about  not  being  examined  totally  by  the  clinician 
High-quality  automated  devices  go  a  long  way  toward  relieving  this  apprehension  and  replacing  it 
by  the  feeling  that  the  patient  has  had  the  latest  in  data  collection  Moreover,  most  patients 
believe  (hey  should  not  waste  the  professional's  time  by  having  ihe  professional  collect  data  The 
patients  have  achieved  this  understanding  before  most  professionals  have. 

4  Refraction  Substation 

At  the  time  of  our  experience,  automated  refractometers  were  still  very  much  in  the  pro¬ 
totype  stage  We  tested  one  or  two  such  prototypes  and  were  duly  impressed  with  their  produc¬ 
tivity,  but  I  have  had  little  personal  experience  with  their  use  in  this  particular  setting  I  am 
nevertheless  enthusiastic  about  them  and  believe  that  anyone  setting  up  such  a  modular  examina¬ 
tion  unit  should  seriously  consider  obtaining  one  of  the  automated  refractometers  as  a  primary 
element.  Thus,  all  patients  should  if  possible  have  refractometer  findings,  which  should  be  clearly 
entered  in  the  data  sheet  that  accompanies  the  patient  through  the  several  modules  If 
some  sort  of  centralized  computer  data  collection  is  used,  the  input  must  be  immediate  and  all  the 
data  collected  up  to  each  point  in  time  should  be  readily  available  to  any  examiner. 

It  would  be  extremely  useful  if  the  patient  could  be  refracted  both  with  and  without 


"H  the  refractometer  li  is  easy  to  write  programs  for  computers  to  calculate  net  refractive 
with  appropriate  input  of  the  patent's  spectacle  correction  worn  during  the  examination. 
U  ■  cncvcr  the  patient  wears  lenses  of  over  +4  00  it  would  be  particularly  helpful  to  have  the 
.  KiH  ii  done  over  the  patient's  glasses,  so  that  precise  determination  of  the  new  glasses  could 
aJuesed  without  anv  further  consideration  of  the  vertex  distance  and  other  variables.  How- 
. .  :  present  dav  refractometers  usually  cannot  be  used  to  refract  through  the  patient's  glasses. 

Although  we  have  been  terming  this  station  the  refraction  station,  functionally  it  is  only  a 
.•tustometer  station  "Refraction"  comprises  a  specific  professional  task,  namely  that  of  using 
optical  data  collected  at  this  point  to  decide  whether  further  refinement  is  appropriate  or 
wiether  ihe  data  suffice  for  the  needs  of  that  patient  and  no  further  attempts  at  refraction  need 
he  made  that  day  We  (ouch  on  this  point  further  when  we  discuss  the  refractionist. 

-  Hrrwuri’-nu’autrmy  Moduli' 

Several  devices  now  on  the  market  give  accurate  IOP  data  if  used  in  the  recommended 
t.istiion  hv  a  well-trained  technician  This  is  actually  the  perfect  setting  for  such  a  device,  in 
which  one  can  assign  one  or  two  technicians  to  use  the  same  device  repeatedly.  Such  technicians 
.an  become  extremely  proficient  in  the  use  of  the  device,  though  again  careful  quality  control 
■iK.-.:  he  maintained  to  insure  that  such  technicians  are  performing  optimally  day  after  day.  The 
more  sophisticated  the  instrument,  the  more  it  is  designed  for  ease  of  use  and  thus  the  greater 
:he  temptation  to  use  even  less  trained  individuals  than  previously.  Although  such  individuals 
s.m  become  proficient  in  the  technical  use  of  the  instruments,  they  usually  have  little  or  no  sense 
:  r  inappropriate  findings  We  found  that  such  minimally  trained  technicians  were  very  strongly 
•empted  to  find  readings  always  within  "normal"  levels.  They  are,  of  course,  alerted  to  the 
mmediale  triage  of  certain  patients  on  a  priority  basis.  Thus,  patients  with  a  pressure  of  50  mm 
llg  are  immediately  sent  on  an  emergency  basis  to  the  ophthalmologist.  But  the  technician  is 
•  'ic.istonally  embarrassed  to  find  that  inappropriate  levels  of  pressure  were  reported  when  the 
patient  actually  turned  out  to  be  within  normal  limits  This  embarrassment  results  in  a  bias  in  the 
direction  ol  under-referral  and  increases  the  temptation  to  read  all  levels  of  pressure  as  within 
normal  limits  This  tendency  has  to  be  carefully  and  consistently  counierreacted,  once  again  by 
effective  quality -control  measurements  (such  as  sending  a  patient  of  known  abnormal  IOP 
through  the  modulei  It  may  sound  monotonous  to  keep  reiterating  the  importance  of  quality 
oimrnl.  hut  it  cannot  be  overemphasized  in  a  modular  context  This  fact  was  repeatedly  demon- 
sirated  in  our  experience  Lack  of  such  control  fundamentally  undermines  the  whole  concept  of  a 
modular  examining  unit  However,  if  the  manager  of  such  a  unit  is  carefully  oriented  toward 
appropriate  encouragement  of  the  technician,  and  toward  always  avoiding  any  embarrassing  situa- 
'ioiic  wiih  regard  to  over-referral,  the  “normal"  bias  can  be  avoided  and  the  module  can  be 
expected  to  function  in  an  effective  and  productive  manner. 


I  riagy  of  Patients 

f  p  to  this  point  in  our  modular  examination,  we  have  collected  the  data  on  the  patient  s 
“isiorv  visual  acuity  and  stereo  status,  refractometer  data,  visual  field  screening,  and  intraocular 
pressure  This  is  sufficient  information  to  triage  the  patient  to  the  ophthalmologist  or  optometrist, 
h  such  a  setting  this  triage  is  the  most  logical  means  of  division  of  responsibility. 
The  iriage  of  all  patients  with  medical  problems  should  be  through  the  ophthalmologist;  that  is, 
the  patient  should  not  be  bypassed,  say,  to  a  neurologist,  internist,  or  other  professional  until  the 
iphthaimologist  has  seen  the  patient.  At  this  point,  when  the  data  are  reviewed,  a  series  of 
predetermined  referral  paths  that  are  clearly  understood  by  all  the  professionals  involved  are  to  be 
followed  by  the  technician  screening  the  data.  Certain  positive  responses  in  the  history  taking 
'such  as  pain  in  the  eye,  double  vision,  haloes  about  lights,  and  floaters)  are  obvious  measures 
tor  direct  referral  to  the  ophthalmologist.  Such  patients  could  certainly  be  seen  first  by  the 
'■ptomeirist  if  that  were  the  decision  of  the  eye-care  team;  but  in  our  experience,  the  optometrist 
would  generally  refer  such  patients  back  to  the  ophthalmologist,  so  that  it  is  more  advantageous 
m  this  setting  for  the  ophthalmologist  to  see  these  patients  first.  Other  formats  can  certainly  be 
employed  For  example,  the  optometrist  might  see  all  the  patients  before  triage;  or  the  ophthal¬ 
mologist  might  see  all  patients  first.  Available  personnel  and  the  prior  agreement  would  obviously 
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dictate  the  triage  criteria.  In  response  to  a  simple  plea  lor  a  change  of  glasses  the  normal  relerrai 
would  not  be  to  the  ophthalmologist  but  to  the  optometrist,  provided  there  is  no  medical  finding 
in  the  history  that  would  obviously  refer  the  patient  to  the  ophthalmologist  Since  many  medical 
conditions  may  affect  the  refractive  status  of  the  patient,  it  is  inappropriate  for  the  optometrist  to 
refract  these  patients  prior  to  the  medical  clearance.  Basic  refractometer  data  already  present 
should  become  a  significant  feature  in  the  diagnostic  data  appropriate  to  that  patient,  such  as  m 
the  case  of  the  refractive  status  of  the  diabetic  or  anisometropia  in  a  patient  with  a  field  defect 

Visual-acuity  data  may  be  used  in  a  similar  fashion  for  triage  There  is  no  general  agree¬ 
ment  among  professionals  as  to  the  definitive  referral  of  patients  on  the  basis  of  visual  acuity 
However,  in  the  present  setting  it  makes  sense,  since  all  professionals  in  a  modular  unit  are  likely 
to  be  busy  and  the  most  effective  triage  that  can  be  achieved  would  probably  be  based  on  this 
simple  finding  Once  again  the  availability  of  personnel  and  prior  agreement  among  the  eye-care 
team  must  dictate  triage  criteria.  The  following  plan  of  triage  we  evolved  may  or  may  no:  be 
appropriate  in  other  circumstances.  Whenever  the  pinhole  visual  acuity  was  less  than  20/25  the 
patient  was  triaged  to  the  ophthalmologist  If  the  best  visual  acuity  obtained  (including  pinhole  I 
is  20/25  or  better  and  no  other  indications  for  referral  to  the  ophthalmologist  have  been  found, 
then  this  patient,  in  my  opinion,  should  be  referred  to  the  optometrist.  Any  visual-field  defect 
found  was  also  cause  for  triage  to  the  ophthalmologist. 

It  goes  almost  without  saying  that  the  triage  system  can  be  overridden  by  any  of  the  pro¬ 
fessionals  in  the  group  at  any  time  when  that  is  deemed  to  be  in  the  patient’s  best  interest  For 
example,  the  ophthalmologist  may  often  wish  to  discharge  a  patient  from  his  care  for,  say.  one 
year,  yet  he  feels  it  is  appropriate  for  the  patient  to  have  a  final  refraction  in  6  weeks.  Such  a 
patient  would  be  asked  to  go  through  the  basic  modules  and  would  then  be  triaged  to  the 
optometrist  (rather  than  to  the  ophthalmologist  as  his  data  collection  would  otherwise  indicate! 
In  similar  fashion,  an  optometrist  might  see  some  questionable  condition  that  he  felt  was  not  yet 
an  urgent  problem  but  was  of  sufficient  concern  to  justify  asking  the  ophthalmologist  to  see  the 
patient  in,  say,  2  or  3  months.  Such  a  patient  would  be  asked  to  come  through  the  modules  and 
then  be  triaged  to  the  ophthalmologist  even  though  there  was  otherwise  no  indication  that  such  a 
triage  was  necessary. 

Intraocular  Pressure  Measurements 

Generally,  if  the  pressures  are  over  22  mm  Hg,  the  patient  should  probably  be  triaged  to 
the  ophthalmologist,  although  experience  with  the  technicians,  testing  device,  and  patient  age 
group  under  consideration  might  vary  this  criterion  in  a  particular  setting.  Are  we  suggesting 
intraocular  pressure  measurements  for  all  patients?  Yes,  that  is  the  case.  All  patients  who  can 
cooperate  in  having  an  intraocular  pressure  measurement  should  be  encouraged  to  have  it  done 
If  screening  devices  are  to  be  used  in  our  modular  system,  they  must  be  used  consistently  and  on 
as  wide  a  base  of  the  population  as  possible;  otherwise,  underreferrals  will  creep  in  and  reliability 
will  be  impaired. 

Refracting  Substation 

Refractive  data  are  not  used  as  a  means  of  referral  in  most  instances  except  on  the  basis 
of  prior  agreement  or  personal  wish  of  one  of  the  professionals  involved.  For  instance,  a  clinic 
might  decide  that  all  aphakic  patients  who  come  through  the  first  time  or  any  myope  over  eight 
diopters  should  be  referred  to  the  ophthalmologist.  Such  policies  are  individual  matters  to  be 
decided  by  the  ophthalmologist  in  consultation  with  the  other  members  of  the  visual-care  team 

If  the  patient  is  an  asymptomatic  individual  who  for  some  reason  wants  a  routine  eye 
examination  and  proceeds  through  the  basic  modules  without  any  significant  data  being  accumu¬ 
lated  that  would  suggest  referral  to  the  optometrist  or  ophthalmologist,  it  would  be  entirely 
appropriate  to  refer  this  patient  back  to  the  family-care  physician.  It  may  be  difficult  for  eye-care 
professionals  to  agree  with  this  procedure,  but  experience  shows  that  with  strict  adherence  to  the 
procedures  that  have  been  discussed,  almost  no  significant  ocular-pathology  cases  will  be  missed 
One  must  assume  that  the  other  health-care  professionals  in  the  entire  medical  organization  will 
be  doing  funduscopy  examinations  on  a  regular  basis  as  part  of  their  general  physical  examination. 
Thus,  some  professional  consideration  must  be  given  to  these  people  and  such  consideration  will 
greatly  reduce  the  patient  load  to  both  the  optometrist  and  ophthalmologist.  Many  patients,  how- 
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ever  will  have  complaints  such  as  "I  want  my  glasses  checked"  or"l  want  a  new  pair  of  glasses." 
Such  patients,  with  no  need  for  referral  to  the  ophthalmologist,  would  proceed  to  the  optometrist. 
■V  this  point,  he  would  probably  utilize  the  history  and  data  to  do  a  refraction  to  ascertain  what 
tin.ii  prescription  should  be  given  Since  the  module  data  are  readily  at  hand,  his  determinations 
he  made  quickly  and  efficiently  in  most  instances,  unless  specific  problems  are  found.  Further 
,!aia  collection  may  be  appropriate  to  the  needs  of  the  ophthalmologist  or  the  optometrist,  accord¬ 
ing  to  their  personal  standards  It  turns  out  that  the  more  esoteric  the  data  that  are  desired,  the 
more  easily  they  can  be  usually  measured  in  an  automated  fashion.  For  example,  points  of  con¬ 
vergence  can  easily  be  automated  on  various  eye-movement  tracking  devices;  so  can  optokinetic 
instagmus.  color  testing,  and  stereopsis 

If  a  computer  is  available  for  calculations,  the  final  refraction  check  may  well  be  done  with 
the  patient's  old  glasses  in  place  If  a  refractometer  has  been  used,  the  patient’s  old  glasses  usu- 
allc  will  have  been  measured  in  an  automated  fashion  These  data,  coupled  with  the  refraction 
ever  the  glasses,  can  be  utilized  by  a  computer  to  calculate  the  final  prescription  in  a  reasonably 
last  and  easy  fashion  Once  the  refraction  is  completed  and  any  other  eye  problems  have  been 
handled  by  the  optometrist,  the  patient  may  be  triaged  to  the  optician. 

Any  form  of  quality  control  and  management  can  be  effected  by  the  agreement  of  all  the 
professionals  in  the  organization  Let  the  ophthalmologist  be  responsible  for  quality  control  of 
the  history  taking,  intraocular  pressure,  and  field  testing;  and  the  optometrist,  for  quality  control 
i it  the  visual-refractometer  and  visual  acuity-stereopsis  modules,  as  well  as  quality  control  of  the 
.'Ptivun's  services  Some  patients  will  be  triaged  directly  to  the  optician.  Such  patients  will  have 
perhaps  broken  their  glasses,  or  pass  through  the  modules  without  any  evidence  or  need  for  triage 
in  ihe  ophthalmologist  or  optometrist. 

In  summary,  the  eye  examination  can  be  divided  into  various  modular  units.  The  data 
from  these  examinations  can  be  used  to  triage  the  patient  appropriately  lo  the  ophthalmologist, 
the  optometrist,  the  optician,  or  back  to  the  family-practice  physician.  Such  a  system  would  seem 
to  he  optimally  efficient  and  make  maximum  use  of  each  individual’s  particular  training.  Such  a 
svstem.  in  general,  is  expensive  to  operate;  modularization  is  not  indicated  if  the  patient  popula¬ 
tion  is  small,  rather,  the  most  effective  arrangement  is  for  the  ophthalmologist,  optometrist,  and 
optician  to  work  on  a  carefully  controlled  person-to-person  basis  in  a  way  conducive  to  the  best 
patient  care 

The  above  experiences  are  dictated  in  large  measure  on  the  basis  of  experience  with  this 
ivpe  of  eye-examining  facility  used  over  two  years  at  the  Harvard  Community  Health  Plan.  The 
unit  ceased  operation  after  a  bad  fire  destroyed  the  resources.  The  system  was  not  operating  on  a 
sufficiently  sound  fiscal  basis  lo  warrant  starting  the  unit  up  again  at  that  time.  Part  of  the  unit’s 
operation  was  to  be  that  of  a  data-collection  laboratory  for  the  use  of  the  general  ophthalmologists 
in  the  Boston  area  However,  they  did  not  make  use  of  the  facility  for  data  collection  in  sufficient 
numbers  to  warrant  its  continuation  for  that  reason 

Some  of  the  triage  procedures  mentioned  in  this  chapter  may  be  considered  controversial 
hv  some  optometrists  and  ophthalmologists.  Whenever  we  had  an  opportunity  to  discuss 
appropriate  patients  for  referral  between  ophthalmologists  and  optometrists  in  fairly  large  commit¬ 
tees  on  which  both  groups  were  adequately  represented,  the  final  opinion  for  cross  referral  was 
generally  along  the  lines  emphasized  in  this  chapter.  I  fully  understand  the  sensitive  nature  of 
this  type  of  problem  One  can  only  admonish  all  planners  of  eye-examining  facilities  to  keep  the 
patient  constantly  in  mind  and  to  cross  check  repeatedly  the  quality  of  the  eye  care  service  that 
they  are  delivering,  so  that  patients  with  eye  disease  will  not  be  overlooked  and  the  full  utilization 
of  all  health  professionals  be  maximally  attained. 
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Chapter  6 

COMPUTER-ASSISTED  SUBJECTIVE  REFRACTION  WITH 
COMPUTER-ACTUATED  REFRACTOR  III 

Principles  of  Flow  Charts  and  Trials 

is  Sl-BJECTIVE  eye  examination,  a  series  of  rules  and  a  battery  of  tests  are  used  to  determine 
the  refractive  state  of  the  eye  Experienced  clinicians  have  an  intuitive  feeling  for  these  tests  and 
hew  thee  are  used,  and  usually  find  it  very  difficult  to  analyze  what  they  are  doing  step  by  step.  It 
difficult  to  extract  or  recall  all  the  subtle  rules,  especially  the  implicit  ones,  used  in  applying 
these  tests  to  a  patient  No  matter  how  well  one  thinks  a  flow  chart  for  a  particular  test  has  been 
designed,  experience  often  proves  there  are  subtleties  not  yet  considered  that  must  be  included  to 
make  the  test  useful  These  oversights  are  readily  correctable  as  a  rule,  with  the  help  of  insights 
gamed  from  patient  responses 

In  contrast  to  oversights,  there  is  another  class  of  fault  or  error  which  is  more  fundamen¬ 
tal  to  computerized  eye  examination  Automated  systems  in  their  present  form  allow  for  only 
limited  system-patient  interaction  This  is  a  departure  from  the  usual  subjective  examination  that 
omits  some  of  the  basis  for  its  success.  As  an  example,  the  clinician  does  not  usually  take  the 
patient's  word  for  his  refractive  error  by  asking  if  the  letters  are  clear  or  blurred,  but  has  the 
patient  read  the  line  in  order  to  give  a  test  that  is  directly  assessable  by  the  clinician  himself  A 
computer  system  that  cannot  do  this  kind  of  checking  is  subject  to  increased  errors;  however, 
•hese  errors  can  be  minimized  by  frequent  visual-acuity  checks  during  the  examination. 

Tf-e  flow  charts  consist  of  a  dozen  or  more  subroutines  which  provide  the  individual  tests 
making  up  the  subjective  examination  They  also  include  the  audio  recorder  messages  and  the 
symbols  used  throughout  Not  all  the  flow  charts  that  have  been  devised  are  operations!.  Some 
Pace  been  revised  and  others  completely  rejected  and  discarded,  having  been  found  wanting  in 
clinical  trials  Some,  though  included  in  the  list,  are  not  yet  implemented.  The  tests,  or 
subroutines,  have  to  be  put  in  some  sort  of  sequence,  and  this  sequence  itself  is  the  subject  of  a 
flow  chart  Visual  acuity  must  be  measured,  and  it  is  also  charted. 

The  human  clinician  has  information  from  the  patient’s  old  prescription  and  old  spectacles, 
it  any,  and  also  front  retinoscopy  These  sources  of  information  provide  for  him  what  we  have 
called  nbjecti w  results,  and  these  have  been  put  into  a  flow  chart,  to  provide  the  same  information 
for  the  computer  If  no  objective  results  are  available,  the  computer  must  start  de  novo.  In  this 
.ace  it  uses  an  approximate  sphere  test  in  order  to  find  what  the  approximate  spherical  error  is. 
The  computer  then  makes  the  usual  comparisons  of  spherical  lenses  (as  in  the  situation  where  the 
clinician  asks  "which  is  better,  lens  number  1  or  lens  number  2'1")  and  these  comparisons  are 
written  up  m  a  sequential  spherical  test*  flow  chart  Before  the  computer  does  the  radial  line  or 

•This  term  was  devised  to  distinguish  it  from  the  simultaneous  spherical  rest,  which  was  tried  and  found 
ranting  It  used  spherical  lenses.  **-0.25  DS  on  the  right  half  and  —0.25  DS  on  the  left.  Two  identical  charts 
»ere  displayed,  one  in  the  right  field  and  the  other  in  the  left  The  patient  could  simply  move  his  eye  from 
he  'me  'o  the  other  to  change  the  power  and  make  a  virtually  simultaneous  comparison  In  practice  the 
sequen’ial  spherical  lest  was  found  to  be  more  accurate  feven  if  noi  as  rapidl.  apparently  because  of  alignment 
difficulties  in  the  simultaneous  method 


grating  test  for  astigmatism,  it  is  necessary  to  place  convex  lenses  before  the  eyes  in  order  to  blur 
the  target  somewhat,  bringing  the  astigmatic  interval  of  Sturm  forward  into  the  vitreous  humor  M 
the  eye  This  is  called  the  fogging  technique,  and  a  flow  chart  entitled  check  degree  <>/  Uv  is 
designed  to  do  that  Next,  the  cylindrical  axis  is  determined  by  gratings  of  different  orientations 
and  this  procedure  is  also  in  a  llow  chart  After  the  cylindrical  axis  is  determined  by  the  grating 
test,  the  approximate  cylindrical  axis  is  sought  by  the  crossed-cylinder  test  Next,  cylindrical 
power,  using  the  cross  (or.  in  classic  parlance,  the  crossed)  cylinder  is  determined  and  the  axis  is 
remeasured  for  a  refined  value.  Refractor  III  is  capable  of  providing  a  bichrome  spherical  test  and 
a  binocular  balance  test  among  others,  but  these  tests  have  not  yet  been  implemented  in  the  pro¬ 
gramming.  The  as  ax  mala  rest  interaction  program  evaluates  the  axis  values  obtained  from  the 
grating  astigmatic  test  and  approximate  cross  cylinder  axis  test  to  determine  the  initial  axis  value 
for  the  final  cross  cylinder  axis  test.  The  effect  ivity  program  allows  a  correction  for  the  efl'ectiwn 
errors  that  affect  all  refractors  but  are  not  corrected  in  any  of  the  conventional  ones  used  todav 
Finally,  a  test  for  the  presbyopic  condition  takes  the  positive  and  negative  relative  accommoda¬ 
tions,  determines  an  add,  and  also  determines  the  near  visual  acuity.  These  flow  charts  will  now 
be  discussed  in  some  detail 

Tape  Recorder  Messages 

The  Refractor  III  system  has  a  cartridge  recorder  with  four  stereophonic  or  eight  single 
channels.  It  provides  long  messages  on  an  endless  loop.  An  integrated  circuit  with  appropriate 
solid-state  memory  operating  by  continuous  delta  modulation  provides  the  short  messages  The 
short  messages,  such  as  “Number  one”  and  “Number  two,"  are  of  good  telephone  quality  and 
require  16.5K  bits  per  second.  The  longer  messages,  which  will  be  changed  to  solid  state  when 
the  necessary  memory  becomes  available  or  the  technology  is  improved,  give  instructions  for 
visual  acuity,  sequential  spherical  correction,  and  the  various  other  tests  for  which  the  patient 
must  have  instructions  in  order  to  respond.  Some  of  the  messages,  such  as  those  of  encourage¬ 
ment,  approbation,  and  greeting,  have  not  yet  been  implemented  in  the  programs. 

Experience  has  taught  us  that  in  asking  for  a  choice,  such  as  between  two  lenses,  assigning 
the  top  and  bottom  buttons  of  the  answer  box  to  these  alternatives  avoids  the  confusion  some 
people  have  in  distinguishing  right  from  left.  We  have  found  no  one  who  confuses  top  and  bot¬ 
tom  yet,  although  it  might  well  occur  in  one  who  has  a  tenuous  grasp  of  the  English  language 
The  right  button  is  reserved  for  equality,  and  the  center  button  is  the  same  throughout  all  the 
tests  except  for  the  astigmatic  grating  test,  where  it  is  used  to  indicate  equality.  In  acuity  testing, 
each  of  the  four  buttons  surrounding  the  central  one  corresponds  to  the  possible  position  of  the 
opening  in  the  Landolt  broken  ring  or  C. 

Symbols 

Computers  require  symbols  as  abbreviations  for  economy  of  memory.  Wherever  possible, 
the  symbols  used  in  computer-assisted  eye  examination  are  those  traditionally  used  by  the 
optometrist,  such  as  OD  for  right  eye,  OS  for  left  eye,  and  OU  for  both  eyes.  New  symbols  have 
been  devised  that  are  abbreviations  not  normally  needed  in  eye  examinations,  such  as  LC  for 
letter  chart,  NA  for  no  astigmatism,  NS  for  near  screen,  ORX  for  old  Rx,  and  VAAE  for  visual 
acuity  with  empirical  add.  Some  symbols  are  peculiar  to  the  computer  aspects  of  the  program, 
such  as  symbols  for  counters  and  reaction  time.  The  assignment  of  symbols  to  various  new  con¬ 
cepts  was  designed  to  be  as  mnemonic  as  possible. 

Testing  Sequence 

One  of  the  first  questions  arises  over  what  sequence  the  program  should  have.  For  exam¬ 
ple,  if  there  are  objective  results,  such  as  an  old  Rx  or  retinoscopy,  how  should  they  be  used  in 
expediting  the  current  examination?  As  shown  in  the  testing-sequence  flow  chart,  after  the 
unaided  or  naked  visual  acuity  is  taken  for  each  eye,  the  computer  asks  whether  objective  results 
are  available.  If  they  are,  visual  acuity  is  recorded  with  each  set.  The  computer  chooses  the  best 
objective  result  giving  visual  acuity  above  20/50  as  the  starting  point  for  the  sequential  sphere 
test.  If  no  objective  results  are  available,  or  if  none  gives  an  acuity  better  than  20/50,  the 
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prinir.ini  goes  on  to  the  approximate  sphere  determination  first,  which  would  start  the  refraction 
essentially  Je  "<»<>  The  sequential  sphere  test  is  used  next  in  either  case  to  check  the  spherical 
eorrestioit  It  the  objective  results  include  a  cylindrical  lens,  then  the  axis  is  checked  with  the 
„ri,ss  , s Under  and  subsequently  the  power  is  also  checked  with  the  cross  cylinder,  which  then 
cads  !,«  the  sequential  spherical  test  to  recheck  the  correctness  of  the  spherical  correction.  How¬ 
ever  it  there  is  no  objective  cylinder  then  the  grating  astigmatic  line  test  is  used  to  find  an  axis. 
H  i,,  axis  is  found,  the  program  goes  on  to  the  sequential  sphere  However,  if  an  axis  is  found 
here,  then  the  power  and  refined  cross  cylinder  axis  are  determined  before  one  goes  on  to  the 
sequential  sphere  The  final  result  for  distance  vision  is  the  suggested  /?xand  the  visual  acuity  for 
each  etc  is  taken  through  it  If  the  patient  is  over  39,  near  tests  are  performed.  If  not,  the  sub- 
teciiv e  examination  is  completed 

l  M, ill  Jilufl 

[here  are  two  sequences  to  taking  visual  acuity,  as  shown  in  the  visual-acuity  tree.  The 
nrst  is  the  lump  sequence,  which  is  the  determination  of  acuity  over  a  large  range  by  a  rough  scale 
arid  welds  the  general  level  lor  a  finer  determination  The  finer  determination  is  the  step 
sequence,  which  brackets  between  adjacent  lines  in  order  to  determine  the  clinically  exact  acuity 
more  precisely  In  the  lump  sequence,  the  Landolt  broken  ring  or  C  for  20/400  is  presented 
•\ssume  the  patient  chooses  the  correct  opening  two  times  in  succession  and  the  program  now 
moves  the  slide  projector  to  present  a  20/100  target  If  the  patient  now  responds  incorrectly,  the 
program  enters  the  step  sequence  at  20/200  In  entering  the  step  sequence,  let  us  say  the  patient 
responds  correctly  twice  in  a  row,  and  the  program  then  presents  the  20/100  letter.  One  incorrect 
answer  brings  back  the  20/200  letter,  and  two  correct  answers  again  brings  it  down  to  the  20/100 
level  Another  incorrect  answer  fixes  it  at  20/200  Since  the  probability  of  guessing  a  correct 
answer  for  each  Landolt  ring  is  25%,  the  combined  probabilities  for  6  correct  answers  come  out  to 
a  i)  I '*  chance  of  this  being  an  erroneous  answer,  that  is,  one  which  arrived  at  this  endpoint  by 
guesswork  rather  than  by  being  valid  * 

When  calling  the  visual-acuity  subroutine  for  the  jump  sequence,  the  first  question  is, 
roughly  what  is  the  level  of  visual  acuity1  Should  the  jump  or  the  step  sequence  be  called,  and 
with  a  ring  of  what  size1  If  the  acuity  is  equal  to  20/400  then  obviously  the  jump  sequence  must 
he  followed,  but  if  it  is  equal  to  20/50  then  the  step  sequence  would  be  better,  called  at  the  value 
of  the  best  visual  acuity  Entering  the  jump  sequence  at  20/400,  assume  that  the  patient  makes 
two  incorrect  answers  and  is  continued  on  the  20/400  Landolt  broken  ring.  A  counter  keeps  track 
so  that  after  two  additional  unsuccessful  attempts  the  visual  acuity  is  recorded  as  less  than  20/400 
and  the  routine  ends  However,  if  the  20/400  ring  is  mastered,  then  there  are  two  possibilities. 
If  there  have  been  errors  on  the  20/400  ring,  then  the  counter  would  indicate  it  and  the  patient 
would  enter  the  step  routine  at  20/200  because  he  is  somewhat  uncertain  at  the  20/400  level. 
However,  if  he  has  had  no  such  difficulty,  he  continues  with  the  jump  routine  at  the  20/100  level. 
If  he  fails  this  he  enters  the  step  at  the  20/100  level.  If  he  does  not  fail,  the  jump  continues 
down  to  the  20/50  level  Here,  failure  would  raise  his  level  at  the  jump  routine  to  20/70,  but 
success  would  bring  him  down  to  the  20/30  level.  From  this  jump  level  a  step  level  is  entered 
either  at  a  higher  or  lower  acuity,  depending  on  the  answers  of  the  patient.  Correct  or  incorrect 
answe/s  change  the  step  to  the  next  one  below  or  above,  as  the  case  may  be.  Six  correct 
responses  at  the  threshold-acuity  level  determine  the  endpoint  of  the  visual-acuity  test.  The 
results  are  written  into  the  patient’s  file  and  the  subroutine  is  ended. 

Obje i  foe  Results 

In  this  subroutine,  the  computer  asks  whether  an  old  Rx  is  available,  and  if  it  is,  measures 
that  acuity  and  compares  the  visual  acuity  with  it  relative  to  the  best  visual  acuity  found  thus  far. 

This  probability  would  be  modified  if  the  patient  knew  that  the  program  never  shows  the  same  slide 
twice  m  4  row  If  it  did.  the  lack  of  a  slide  change  would  make  it  obvious  that  it  was  the  same  slide  being  pro¬ 
tected  The  carousel  slide  capacity  is  not  large  enough  to  have  duplicate  slides  with  the  same  orientations  for 
'his  purpose,  but  the  problem  does  not  seem  important 
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:h.,!  i*1  without  any  lenses  If  the  acuity  is  better,  it  is  (lagged  in  the  patient’s  file  Then  the  next 
question  is  asked,  is  retinoscopy  available’  and  similarly,  the  computer  takes  the  visual  acuity 
plough  it  It  the  acuity  is  better  than  the  best  acuity  thus  far,  the  former  value  is  flagged  in  the 
patient  s  tile,  and  the  program  goes  on  to  ask  whether  any  other  objective  results  are  available, 
m  l  it  ihev  are,  repeats  the  same  acuity-measurement  procedure  Ultimately  the  program  goes  on 
ask  itsell  whether  the  best  visual  acuity  is  better  than  20/50,  and  if  it  is  the  sequential  sphere 
subroutine  is  called  next,  with  the  best  objective  Rx  as  the  starting  point  If  it  is  not,  then  the 
approximate  sphere  subroutine  is  called  That  is  the  end  of  the  subroutine 

J;Vo,v  "hill  Sphl’rf 

\s  mentioned  earlier,  this  routine  is  employed  only  when  there  are  no  useful  objective 
results,  that  is.  with  an  acuity  $  20/50.  In  principle,  objective  results  should  always  be  available. 
I  veil  it  there  is  no  old  prescription,  one  can  at  least  perform  retinoscopy;  it  is  working  under  a 
handicap  to  start  without  this  basic  information.  It  is  not  reasonable  to  pit  the  computer  system 
without  this  piece  of  data  against  a  human  refractionist  who  has  the  advantage  of  objective 
'■.■suit',  for  example  retinoscopy  However,  the  computer  as  well  as  a  human  clinician  can  over- 
.ome  this  handicap  it  necessary 

In  this  tlow  chart  the  power  factor  (PM  is  introduced,  which  is  a  means  of  using  different 
si/e  ot  steps  in  the  choice  of  various  lenses  when  larger  ones  are  too  gross  or  finer  steps  would 
.ike  too  long,  or  he  less  easily  dtscriminable  Initially  PF  is  set  anywhere  from  two  to  eight, 
depending  on  whether  the  visual  acuity  is  good,  where  small  steps  can  be  distinguished;  or  poor, 
where  t hex  cannot  If  the  acuity  is  20/20  or  better,  then  a  comparison  is  made  between  piano  and 

•  I  I)  In  this  and  subsequent  flow  charts  one  often  sees  a  diamond  with  a  limitation  of  +24.50 
ps  ,,r  2h  OS  These  limits  recognize  the  spherical  power  range  of  Refractor  III  and  prevent 
jrr.ir  trom  an  endless  loop  occurring  if  the  powers  called  should  exceed  those  available.  In  that 
unlikeiv  instance,  a  diagnostic  or  error  message  is  issued  on  the  teletypewriter.  If  number  1  or 
•he  piano  lens  is  chosen,  then  the  approximate  Rx  is  made  equal  to  the  temporary  sphere  pre- 
•,".d  h\  the  patient,  ending  the  subroutine 

lining  back  to  the  beginning,  we  now  assume  that  the  visual  acuity  was  20/400  or  worse, 
v  w  the  power  factor  is  8.  which  makes  (he  temporary  sphere  equal  to  -0.50  D  times  the  power 
i  ktn'.  or  4  1)  Thus  number  one  is  -4  D  and  number  two  is  +4  D.  If  the  patient  prefers 
-  urher  one.  that  is.  -4  [),  then  the  temporary  spherical  correction  is  set  at  piano  as  number  one, 
m. I  4  |)  as  choice  number  2  If  number  1  is  selected,  then  the  flow  chart  leads  us  to  change  the 
power  tactor  to  half  of  what  it  was,  that  is  to  four,  and  then  sets  the  temporary  spherical  correc- 

•  .on  to  -  1  'll  I)  times  four,  which  is  +6  t)  Now  the  patient  is  given  a  choice  between  number 
” c  *  2  I),  and  number  two,  which  is  -2  D  When  the  patient  has  gone  through  the  loops  an 

adequate  number  of  times,  dividing  the  power  factor  by  two  so  that  it  ultimately  becomes  one,  the 
preferred  sphere  is  set  as  the  approximate  spherical  power  to  end  the  routine. 

Snihi  ni.ii  Sphcrual  (  arm  non 

I  his  is  the  traditional  subjective  test  for  spherical  correction  where  two  choices  are  offered 
■he  patient  often  labeled  number  one  and  number  two  The  line  chart  is  entered,  the  various 
(..•iters  are  initialized,  and  the  power  factor  is  set  to  two  The  temporary  spherical  power  is  set 
is  ’tie  approximate  spherical  power  and  now  the  patient  is  asked  which  lens  makes  the  letters 
eater -number  one,  which  is  the  temporary  spherical  power,  or  number  two,  which  is  +0.50  D 
•'  ire  hased  on  ■‘-0  25  D  multiplied  by  the  power  factor  of  2  If  the  convex  lens  is  preferred  after 
"'.e  has  gone  through  various  changes  and  counters,  the  sequence  is  repeated  with  more  convex 
power  However,  if  earlier  the  concave  lens  section  had  been  traversed,  then  counter  D  would  be 
'id  n  one.  which  would  indicate  a  bracketing  reversal  had  occurred,  and  the  power  factor  would 
her  he  reduced  to  1  If  this  were  the  first  time  the  plus  pathway  was  traversed,  the  flow  path 
would  go  hack  to  try  more  plus  power  until  a  second  reversal  occurred  (G  —  2),  the  sequential 
spherical  correction  would  be  set  as  found,  and  the  subroutine  would  end. 


87 


Trying  a  different  path,  assume  now  that  the  patient  prefers  the  more  negative,  or  less 
convex,  lens,  that  is,  number  one  After  we  go  through  various  counters,  the  temporary  sphenu! 
correction  would  be  changed  by  -0  50  D  times  the  power  factor  of  two  or  -1  00  D  If  the  travers¬ 
ing  of  this  pathway  occurs  after  the  patient  had  been  through  the  convex-lens  pathway  as  origi¬ 
nally  described,  then  counter  Z  would  be  set  to  one  and  the  power  factor  would  be  reduced  to 
one,  to  provide  finer  steps  for  the  final  determination  lr  this  way  the  spherical  correction  is 
determined  much  as  the  clinician  does  it,  using  large  steps  at  first  and  refining  the  test  to  small 
steps  towards  the  end. 

(  'heck  Degree  of  Fog 

Fogging  is  used  as  preparation  for  the  grating  or  radial-line  astigmatic  test  In  order  tor 
astigmatic  lines  or  gratings  to  provide  correct  information  about  astigmatism,  accommodation 
must  be  suppressed  and  the  interval  of  Sturm  (between  the  two  foci  of  astigmatism  in  the  eye 
brought  anteriorly  into  the  vitreous  chamber  by  adding  enough  plus  to  drop  acuity  to  20/40 

Cylindrical  Axis,  Astigmatic  Line 

The  axis  is  determined  by  means  of  a  series  o:  lines  or  gratings  in  the  form  of  three  or 
four  disks  presented  simultaneously  with  different  o'ientations  This  procedure  was  devised  m 
that  the  patient  could  choose  various  axis  preferences  without  the  need  for  more  than  four  slides 
Another  limitation  was  to  five  possible  responses,  so  that  the  simple  response  box  could  be  used 
If  radia'  lines  with  a  clock  dial  were  to  be  used,  six  responses  would  be  necessary,  which  is 
beyond  the  limit  of  the  response  box  Although  twenty-nine  different  grating  slides  are  in  the 
carousel  and  available,  only  four  need  be  used  in  any  trial  to  determine  the  axis  within  4-5 
The  first  slide  presented  shows  a  grating  with  an  axis  of  135°  on  the  left,  45°  on  the  right ,  90  or 
vertical  at  the  top,  and  180°  or  horizontal  at  the  bottom.  If  all  gratings  appear  equally  dark  and 
sharp,  then  the  center  button  is  to  be  pressed,  which  in  this  first  slide  would  indicate  that  there  is 
no  astigmatism.  (This  is  the  only  routine  in  which  the  center  button  is  not  used  for  a  repeal  nt 
the  instructions.)  Assume  that  the  bottom  button  is  depressed  to  indicate  that  the  patient  has 
chosen  the  180°,  or  horizontal,  lines  as  the  best.  The  computer  chooses  the  next  s.ide  number 
number  5.  This  slide  presents  three  gratings,  one  at  the  top  (180°,  the  previous  choice'  and  one 
each  on  the  left  and  right  to  bracket  180°  by  +22/2°  (157'/;°  and  22l/r°>  The  patient  now  his  (he 
opportunity  to  bracket  in  the  180°  region.  Let  us  assume  that  he  presses  the  top  button,  or  180 
grating  again.  The  computer  now  turns  to  slide  number  9,  which  brackets  180°  more  closely 
(±11  ).  If  the  patient  now  presses  the  top  button  corresponding  to  11°,  the  computer  switches  '■ 
slide  29,  which  offers  the  patient  a  choice  of  gratings  5'/j“  apart  along  with  lines  at  5  .  II  .  and 
180  The  grating  chosen  in  this  case  becomes  the  cylindrical  axis  or  astigmatic  line  choice 

If  the  patient  originally  had  pressed  the  cei  er  button  on  the  first  sl.de  which  displayed 
gratings  at  the  four  cardinal  directions,  then  one  slide  would  have  sufficed  to  indicate  ihai  there 
was  no  astigmatism. 

Approximate  Cylindrical  Axis,  Cross  Cylinder 

After  the  letter  chart  is  entered  and  everything  is  initialized  (including  the  counters),  the 
patient  is  asked  which  lens  makes  the  letters  clearer.  Number  1  is  a  -0.25  DC  at  a  given  axis  with 
the  cross  cylinder  placed  with  one  axis  coincident  For  number  2  the  c-oss  cylinder  is  shifted  9(1 
If  number  1  is  chosen,  the  procedure  is  repeated,  if  number  1  is  chosen  the  second  time  then  the 
approximate  axis  is  set  at  the  temporary  axis  and  that  is  the  end  of  the  routine  However,  it 
number  2  is  chosen,  the  axis  is  shifted  45°  and  the  test  is  tried  again.  Each  time  number  2  is 
chosen  the  axis  is  shitted  another  45°  until  there  have  been  five  trials  Aftc  five  trials  without  a 
choice  it  is  assumed  there  is  no  axis  and  the  approximate  axis  is  set  to  none  Howevei,  if  at  any 
one  of  these  axes  there  does  appear  to  be  an  effect  then  the  number  1  route  is  taken  and  that  sets 
the  axis.  The  notation  keeps  the  axis,  which  is  shifting  by  45°  increments,  between  0°  and  180°, 
in  accordance  with  the  usual  clinical  notation:  a  horizontal  axis  is  180°  (and  not  0°)  and  axes  are 
never  designated  as  higher  in  value  than  180°. 
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Ci  Imdrnal  Power.  Cross  Cylinder 

After  the  usual  initialization  and  message,  the  first  crossed  cylinder  axis  is  set  to  the  tem¬ 
porary  axis,  the  temporary  cylinder  power,  -0.25  DC,  times  the  power  factor  is  set  at  the  tem¬ 
porary  axis;  and  the  temporary  spherical  power  is  set  to  the  approximate  spherical  power,  +0.12 
D  times  the  power  factor  The  patient  is  then  asked  whether  this,  number  1,  is  better,  or  whether 
number  2  is  better  Number  2  includes  the  second  cross  cylinder,  which  is  at  right  angles  (90°)  to 
the  first  crossed  cylinder.  If  the  patient  decides  number  1  is  better,  the  (low  threads  its  way 
through  the  various  rectangles  and  diamonds  back  to  the  main  starting  rectangle,  that  is  where  the 
first  cross  cylinder  is  set  at  axis  XT.  But  now  the  cylinder  power  is  greater  since  the  power  factor 
has  increased  by  one  The  cylinder  becomes  -0.50  DC  and  the  same  procedure  is  followed.  If  the 
number  2  or  equal  buttons  are  pushed  then  counters  K  and  Z  are  set  to  zero  and  one  respectively, 
and.  provided  the  power  factor  is  zero,  G  is  then  raised  to  one  and  the  left  loop  is  repeated  once 
to  confirm  that  no  cylinder  power  is  preferred.  If  cylinder  is  found,  the  program  exits  from  the 
right  loop  when  the  D  counter  is  one,  indicating  a  preference  reversal  at  the  approximate  cylinder 
power,  which  is  then  set  at  -0.25  DC  times  the  power  factor.  The  approximate  spherical  correc¬ 
tion  is  set  to  whatever  it  was  +0.12  D  times  the  power  factor,  which  is  the  end  of  the  subroutine. 

Another  pathway  could  have  been  traversed.  The  patient  response  could  have  been  to 
repeat  the  same  choice  of  lenses,  in  which  case  if  K  were  not  equal  to  2,  K  would  be  raised  by  1, 
presumably  from  zero  to  1,  and  the  lens  choice  repeated.  However,  if  this  pathway  were 
traversed  twice,  then  K  would  be  equal  to  2  and  various  decision  diamonds  would  be  traversed  to 
reduce  the  cylinder  power  and  offer  another  choice  of  lenses. 

Perhaps  an  explanation  should  be  given  of  the  counters.  For  example,  in  the  lower  right 
vide  of  the  flow  chart  there  is  a  diamond  that  asks  whether  D  —  I.  This  feature,  combined  with 
the  flow  m  the  no  direction  where  D  —  D  +  1,  shows  that  D  is  used  to  indicate  whether  this  dia¬ 
mond  has  been  traversed  before.  The  mechanism  is  seen  at  the  lower  left  side,  where  the  ques¬ 
tion  is  whether  G  -  1  A  negative  response  raises  G  to  one  so  that  the  decision  diamond  indi¬ 
cates  the  next  time  that  the  path  has  been  traversed.  When  the  decision  diamond  asks  whether  Z 
-  I .  it  has  a  slightly  different  purpose.  Here  it  is  determining  that  Z,  if  it  is  equal  to  one,  has 
been  on  the  other  side  of  this  flow  chart  where  Z  has  been  set  to  one  from  its  initialization  value 
of  zero  This  feature  provides  for  convergence  of  the  response  by  bracketing  from  one  side  to  the 
other 

I  not  Cylindrical  Axis,  Cross  Cylinder 

After  the  initialization,  including  the  setting  of  counters,  long  message  number  6  is  played 
and  provides  the  instructions.  A  decision  diamond  has  already  been  traversed  to  avoid  playing  for 
the  left  eye  when  it  has  already  played  for  the  right  eye.  Cross  cylinder  number  1  is  set  at  45° 
from  the  temporary  axis  If  that  should  turn  out  to  be  an  axis  of  0°  or  less  it  is  corrected  by  the 
addition  of  180°  to  it.  Lens  number  2  is  the  second  cross  cylinder,  which  is  shifted  90°  in  axis 
from  the  first  crossed  cylinder.  The  two  cross  cylinder  lenses  are  used  in  place  of  the  usual 
manual  flipping  of  a  single  one.  If  the  patient  chooses  number  1  then  the  flow  goes  past  various 
counters  to  rotate  the  temporary  axis  by  -M/4,  which  is  -10°.  Again  an  adjustment  is  made  if  the 
axis  goes  out  of  the  conventional  range  of  I  to  180°.  The  program  then  returns  to  the  cross 
cylinder  choice  If  number  1  is  chosen  again,  the  cylinder  is  rotated  by  another  -10°.  This  pro¬ 
cedure  can  continue  until  the  counter  G  is  reduced  from  6  to  0,  which  would  indicate  an  error  in 
the  axis,  since  there  is  an  axis  shift  with  no  reversal  through  60°  and  an  error  message  is  printed 
out 

Let  us  now  assume  that  the  patient  responds  initially  by  choosing  lens  number  2  as  being 
better  He  now  goes  up  to  six  increments,  rotating  the  axis  in  increments  of  +10°.  Again,  the 
seventh  time  indicates  an  error  in  the  axis. 

Assume  now  there  is  a  reversal.  The  patient  has  been  through  lens  number  1  being  better 
and  now  he  reports  that  lens  number  2  is  better.  In  the  first  instance  counter  D  has  been  set  to  1 . 
Since  D  -  1,  the  path  sets  M  equal  to  half  of  what  it  was,  resets  G  to  6,  and  D  to  0.  The 
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axis  is  now  rotated  back  5°.  We  now  retrace  our  steps  and  assume  that  for  the  next  choice 
number  2  is  better.  Z  is  now  set  to  1  so  that  M  is  now  set  at  half  of  what  it  was,  which  is  now  10, 
and  therefore  the  axis  is  rotated  in  21/:0  increments.  This  seesawing  can  continue  until  the  equal 
button  is  pushed  twice  in  succession,  at  which  time  the  approximate  axis  is  set  as  the  temporary 
axis  and  the  subroutine  is  over.  The  test  may  also  end  when  the  M  counter  is  5,  that  is,  just  after 
the  axis  of  the  cylinder  is  rotated  by  the  smallest  increment,  2'/2°.  An  artist's  version  of  the  flow 
chart  is  seen  in  Plate  F. 

Astigmatic  Test  Interaction 

The  astigmatic  test  interaction  compares  the  axis  obtained  by  the  astigmatic-line 
subroutine  with  that  of  the  approximate-axis  cross  cylinder  subroutine  and  determines  how  they 
will  be  integrated  in  the  final  recommended  prescription.  If  there  is  a  temporary  axis  from  the 
astigmatic  line  routine,  it  is  set  as  the  first  approximate  axis.  If  there  is  not,  the  axis  is  set  arbi¬ 
trarily  to  180°.  These  settings  provide  a  basis  for  the  start  of  the  approximate  cross  cylinder  axis 
in  which  the  astigmatic  axis  test  is  made  every  45°  over  a  total  range  of  180°.  If  the  cross  cylinder 
determines  an  axis  in  this  test,  it  is  set  as  the  second  approximate  axis;  if  not,  a  flag  is  used  to 
show  there  is  no  axis.  There  are  now  four  possibilities.  The  astigmatic  line  could  have  ( 1 )  shown 
an  axis  or  (2)  not,  and  the  cross  cylinder  test  could  have  (3)  shown  an  axis  or  (4)  not.  The  goal 
now  is  to  set  the  approximate  axis  on  the  basis  of  the  first  or  second  approximate  axes,  as  deter¬ 
mined  in  the  astigmatic  line  or  cross  cylinder  tests.  If  the  cross  cylinder  test  shows  an  approxi¬ 
mate  axis  and  the  astigmatic  line  shows  none,  then  the  approximate  axis  is  simply  set  to 
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■be  second  one  which  issued  from  the  cross  cylinder  test.  If  the  cross  cylinder  test  shows  no  axis 
anJ  the  astigmatic  line  shows  no  axis,  then  the  routine  goes  on  to  the  sequential  sphere  test.  If 
sotti  tests  show  an  axis  and  these  axes  are  the  same,  this  value  is  set  as  the  temporary  axis  and 
he  routine  goes  on  to  the  cylindrical-power  cross  cylinder  test.  However,  if  they  are  not  the 
,jme.  then  the  temporary  axis  is  set  to  the  cross  cylinder  axis,  the  latter  being  taken  as  the  more 
•eiiable  value,  before  going  on  to  the  cross  cylinder  power  test.  If  there  is  no  cross  cylinder  axis 
hut  there  is  an  astigmatic  line  axis,  it  becomes  the  temporary  axis. 

After  the  cylindrical  power  test,  if  there  is  no  cylinder  power,  the  program  goes  on  to  the 
,equemial  sphere  routine,  but  if  there  is  a  power,  the  final  axis  is  set  by  the  final-axis  cross 
blinder  test  If  the  final-axis  cross  cylinder  test  produces  an  axis  shift  of  more  than  1S°,  then  the 
cylindrical  power  and  final  axis  tests  are  repeated. 

After  initialization  with  the  near  screen  down  (i.e.,  in  position  for  use)  and  the  near  pro- 
ecior  switched  on.  the  near  visual  acuity  is  measured.  Next  the  empirical  add  is  obtained  from 
:ne  memory  of  the  computer  in  accordance  with  the  age  of  the  subject  and  the  temporary  add  is 
set  at  the  value  of  the  empirical  add.  At  the  same  time  the  power  factor  is  set  at  two.  Long  mes¬ 
sage  Number  7  is  played,  which  asks  the  patient  to  push  the  top  button  when  the  letters  are  clear, 
anJ  the  bottom  button  when  the  letters  are  blurred.  If  the  letters  are  clear,  the  temporary  add  is 
increased  by  +0  25  D  times  the  power  factor,  which  in  this  case  would  be  +0.50  D;  the  pro¬ 
cedure  is  repeated  until  blurring  occurs.  At  that  time,  it  would  be  expected  that  the  temporary 
add  would  be  larger  than  the  empirical  add;  since  they  are  not  equal,  the  path  passes  through  the 
diamond  at  the  no  position  The  next  decision  asks  whether  the  power  factor  is  equal  to  -1, 
which  it  is  not  Passing  through  the  no  position,  the  next  diamond  asks  whether  the  power  factor 
is  equal  to  2.  which  it  is,  and  it  exits  at  the  yes  position,  setting  the  power  factor  to  I,  and  reduc¬ 
ing  ihe  temporary  add  by  -0  25  D.  Again,  the  patient  is  asked  whether  the  letters  are  clear  or 
blurred  If  they  are  now  clear  again,  plus  a  quarter  is  added;  if  they  are  blurred,  the  flow  comes 
down  through  the  diamonds  and  sets  the  negative  relative  accommodation  at  the  difference 
between  the  temporary  and  empirical  adds.  The  power  factor  is  now  set  to  -2  and  the  presenta¬ 
tion  of  lenses  now  comes  in  -0.50  D  increments.  On  the  next  transverse  through  the  vertical 
senes  of  diamonds,  the  power  factor  of  -2  is  reset  to  -1,  which  represents  a  change  of  +0.25  D. 
The  exit  is  through  the  diamond  where  the  power  factor  —  -1  and  that  sets  the  positive  relative 
dccommodation  at  the  temporary  add  minus  the  empirical  add.  With  the  negative  and  positive 
relative  accommodations  in  the  memory,  the  computer  now  can  set  the  final  add  as  equal  to  the 
empirical  add  plus  the  average  of  the  sum  of  the  positive  and  negative  relative  accommodations. 
The  near  visual  acuity  is  now  taken  with  the  final  add  and  that  is  the  end  of  the  subroutine.  An 
additional  diamond  asks  whether  the  final  add  is  greater  than  zero.  This  check  insures  that  no 
negative  or  zero  add  is  offered  through  some  error. 

The  principle  of  this  test  is  first  to  provide  the  negative  relative  accommodation  by 
changes  in  the  lens  increments  in  +0.50  D  steps,  backing  off  in  0.25  D  steps  until  it  is  clear,  at 
which  time  the  value  is  taken  as  the  negative  relative  accommodation.  Then  the  power  factor  is 
set  to  -2  and  the  positive  relative  accommodation  is  advanced  in  0.50  D  steps  until  the  chart  is 
blurred  At  the  occurrence  of  blur  the  power  factor  is  then  set  to  -1  and  the  prescription  backs 
off  in  +0  25  D  steps  until  it  is  clear  again.  When  it  is  clear,  +0.25  D  is  added  and  then  the  blur 
takes  it  through  the  -1  power  factor  decision  to  set  the  positive  relative  accommodation  and  adjust 
the  addition 

Evaluations 

Thiee  groups  of  patient  volunteers  were  examined  at  the  Letterman  Army  Medical  Center 

Margetal  1977,  1978a,  1978b).  Included  were  active-duty  personnel,  retired  personnel,  depen¬ 
dents,  and  a  miscellaneous  group  including  civil-service  personnel  and  students.  They  were 
examined  by  optometrists  using  standard  refraction  procedures  (which  is  termed  manual)  as  well 
as  by  the  system 
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In  ihe  first  evaluation,  tests  were  performed  on  78  patients.  These  were  the  first  sys¬ 
tematic  clinical  trials  after  the  best  efforts  at  the  drawing  boards  were  completed  (Marg  et  al 
1977).  Eighty-three  percent  of  the  distance  prescriptions  generated  by  the  system  at  this  time 
were  judged  to  be  satisfactory. 

For  about  half  the  patients  the  prescription  for  present  glasses  or  retinoscopy  was  entered 
into  the  computer  file  before  testing.  The  computer  used  these  “objective  results"  to  increase  the 
speed  and  reduce  the  initial  uncertainty  of  the  procedure,  as  does  the  human  clinician.  When  the 
computer  system  is  not  provided  with  objective  results  it  is  operating  under  a  relative  handicap, 
but  a  special  subroutine  called  “approximate  sphere”  is  automatically  called  to  try  and  compen¬ 
sate  for  this  lack  of  information. 

The  order  in  which  patients  were  examined  manually  versus  the  computer  system  was 
mixed.  It  was  primarily  governed  by  administrative  convenience.  This  order  did  not  seem  to  be 
of  any  importance. 

The  results  were  compared  and  evaluated  (Marg  et  al.  1977).  Three  categories  were  used, 
the  first  two  of  which  comprised  the  Satisfactory  group. 

1.  good  agreement:  little  doubt  that  the  system  prescription  would  be  satisfactory; 

2.  agreement:  enough  difference  to  believe  that  either  the  system’s  or  the  human 
clinician’s  findings  or  both  may  be  in  slight  error,  but  the  results  would  probably  be  acceptable  to 
the  patient;  and 

3.  unsatisfactory:  the  system  is  in  error. 

The  Agreement  category  may  be  difficult  for  some  clinicians  to  accept  because  some 
believe  that  there  is  only  one  satisfactory  value  for  each  eye  within  a  quarter  of  a  diopter  If  they 
could  watch  students  function  in  an  optometry  clinic  they  would  observe  that  the  students  find 
values  according  to  the  well-known  biases  of  the  instructor  who  will  check  and  grade  them.  Some 
instructors  expect  (and  their  students  find)  maximum  acuity;  others  may  expect  more  convex 
lens,  perhaps  +0.75,  in  the  same  patient,  as  long  as  the  acuity  does  not  fall  below  20/20. 
Patients  of  all  these  instructors  seem,  by  and  large,  satisfied  regardless  of  the  bias.  Our  Agree¬ 
ment  category  reflects  this  latitude,  which  should  not  be  considered  an  error. 

In  the  case  of  Unsatisfactory,  it  is  important  to  subcategorize  the  type  of  problem  For 
example,  if  it  is  a  hardware  or  software  problem,  these  “bugs”  can  be  remedied  and  avoided  in 
the  future.  If  the  problem  is  in  the  optometric  concepts  designed  in  the  flow  charts  and  not  a  lim¬ 
itation  of  the  method,  this  too  can  be  remedied  by  reformulation.  However,  if  the  patient 
becomes  confused  and  cannot  follow  instructions  or  if  the  patient  does  not  want  to  accept  the 
computer  system,  the  remedy  is  neither  apparent  nor  easy,  and  for  these  patients  the  basic  con¬ 
cept  may  be  at  fault.  This  error  is  fundamental,  in  contrast  to  the  readily  correctable  ones  men¬ 
tioned  above. 


Results 

The  lens  prescriptions  obtained  by  the  computer  are  tabulated  in  Table  6-1 .  Of  the  78 
patients,  we  judged  that  approximately  83%  could  be  provided  with  a  satisfactory  or  useful 

TABLE  6-1.  Evaluation  of  computer-assisted  refractive  error  in 

_ determinations  based  on  comparison  with  conventional  clinical  methods 

Initial  Trials 


Satisfactory 

Good  agreement 
Agreement 


Unsatisfactory 

Avoidable  system  error 
Fundamental  patient  error 
Error  of  unknown  cause 


Number 


65 

(57) 

(8) 


13 

(5) 

(3) 

(5) 


% 


83.4 

(73.1) 

(10.3) 


16.6 

(6.4) 

(3.8) 

(6.4) 


Debugging  Trials 


Number 


70 

(59) 

(ID 


10 

(5) 

(3) 

(2) 


% 


87.5 

(72.8) 

(13.6) 


12.5 

(6.5) 

(3.6) 
(2.4) 


Final  Trials 


Number 


76 

(67) 

(9) 


4 

(1) 

(2) 
(1) 


95  0 
183  751 
111  25> 


50 

(I  251 
(251 
(I  251 


78 


100.0 


80 


100.0 


80 


1000 


Totals 


1 


prescription  from  the  computer  system.  Seventeen  percent  could  not.  Of  the  latter,  about  6% 
»ere  avoidable  by  improved  hardware,  software,  and  flowcharts.  Another  6%  failed  for  undeter¬ 
mined  causes  About  4%  failed  because  of  a  mental  or  physical  inability  or  lack  of  ^esire  to 
accept  or  to  respond  to  the  instructions.  There  appeared  to  be  nothing  that  could  be  June  to 
amid  errors  by  those  confused  by  the  simple  instructions,  short  of  prolonged  training  or  educa¬ 
tion  sessions  On  the  basis  of  the  initial  tests  we  concluded  that  about  90%  of  the  patients  may 
receive  a  satisfactory  prescription  once  the  obvious  instrument  failures  are  corrected.  If  the 
undetermined  causes  of  errors  are  correctable,  it  is  possible  that  as  many  as  96%  of  the  patients 
may  receive  a  satisfactory  prescription.  Four  percent  of  the  patients  did  not  seem  to  be  able  to 
cope  with  an  automated  system  but  needed  human  intelligence  and  understanding. 

The  sample  of  near  corrections  shown  in  Table  6-2  is  much  smaller  because  of  the  smaller 
number  of  presbyopes,  and  because  of  the  cases  in  which  an  unsatisfactory  distance  prescription 
rendered  the  lens  add  inapplicable.  Of  28  patients,  68%  received  a  “useful”  add,  and  32%  did 
not  The  avoidable  errors  for  the  near  add  were  large  (29%)  because  of  “bugs”  in  the  program¬ 
ming  and  flow  chart,  all  of  which  were  later  corrected.  It  became  clear  early  in  the  trials  that  the 
near-add  flow  chart  had  these  faults. 


TABLH  6-2  Evaluation  of  computer-assisted  determination  of  lens 
addition  for  near  based  on  comparison  with  conventional  clinical  methods. 


Initial  Trials 

|  Debugging  Trials 

Final  Trials 

Number 

% 

Number 

% 

1 

Number 

% 

Salmfactorv 

19 

679 

29 

80.6 

28 

100.0 

(iood  agreement 

(18) 

(643) 

(24) 

(66.7) 

(24) 

(85.7) 

Agreement 

(1) 

(3.6) 

(5) 

(13.9) 

(4) 

(14.3) 

l  nsattsfactory 

</ 

32.1 

7 

19.4 

0 

0.0 

Avoidable  system  error 

<8) 

(7) 

(19.4) 

(0) 

(0.0) 

Fundamental  patient  error 

(1) 

(0) 

(0.0) 

(0) 

(0.0) 

Error  of  unknown  cause 

(0) 

(0) 

(0.0) 

(0) 

(0.0) 

Totals 

28 

100.0 

36 

100.0 

28 

100.0 

Discussion  fS 

The  most  difficult  part  of  the  evaluation  we  performed  was  deciding  whether  a  given 
difference  in  prescriptions  was  clinically  significant,  i.e.,  whether  one  prescription  would  be  satis-  * 

factory  and  the  other  not.  Determining  which  of  two  prescriptions  would  be  more  satisfactory  was 
easier  because  such  a  judgment  is  relative  rather  than  absolute.  Visual  acuity  helped  us  in  this 
relative  judgment  Also  of  value  to  us  was  the  plus-bias  rule  that  states  that  for  the  same  acuity, 


more  con. ex  lens  is  preferred. 

A  valid  method  for  determining  differences  that  are  difficult  to  categorize  would  be  to  pro¬ 
vide  the  patient  with  two  pairs  of  glasses,  one  with  the  clinician’s  result  and  one  with  the 
computer's  The  patient  would  not  know  the  source  of  each  prescription.  After  a  suitable  inter¬ 
val.  the  patient  would  report  whether  one  is  preferable  to  the  other,  or  if  they  are  both  equal. 
Furthermore,  when  there  is  a  preference,  the  patient  should  be  asked  whether  the  less  preferred 
prescription  is  adequate  Such  a  method  was  not  employed  in  this  initial  evaluation  for  reasons  of 
economy  and  the  rules  for  the  protection  of  human  subjects. 


Two  future  courses  of  action  were  clearly  indicated.  First,  the  system  had  to  be  improved 
mechanically,  electronically,  and  in  the  optometric  flow  charts.  Our  goal  was  to  obtain  virtually  no 
unsatisfactory  results  caused  by  avoidable  errors.  Second,  an  effort  had  to  be  made  to  determine 
the  thus-far  unknown  causes  of  errors.  Were  they  really  avoidable  errors,  or  were  they  funda¬ 
mental  errors1  Third,  those  patients  whom  we  categorized  as  making  fundamental  errors  had  to 
be  reconsidered  to  determine  whether  these  errors  could  be  overcome.  For  example,  if  the  error 
were  due  to  poor  hearing,  perhaps  special  earphones  or  other  aids  for  the  partially  deaf  could  be 
used  If  the  error  stemmed  from  confusion  in  pushing  the  buttons,  a  separate  training  machine 
might  be  useful.  The  patient  would  use  it  to  practice  before  the  regular  examination,  until  a 
simple  test  was  passed. 


* 


t 
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The  second  clinical  trial  with  80  patient  volunteers  (Marg  et  al.  1978a)  was  specifically 
designed  to  identify  the  errors  in  the  hardware,  software,  and  optometric  now  charts.  Improving 
the  obvious  errors  seen  in  the  initial  trials  brought  the  satisfactory  results  for  the  distance 
prescription  up  to  87.5%.  The  discovered  sources  of  error  were  varied.  Some  were  found  in  the 
optometric  flow  charts;  some  in  the  Fortran  and  assembly  language  routines  at  various  operational 
levels. 

The  major  problem  was  discovered  in  the  operation  of  the  pushbutton  answer  or  response 
box.  The  error  occurred  when  the  patient  pressed  a  button  and  held  it  down  too  long.  The  but¬ 
ton  was  still  registering  when  the  next  slide  was  presented  and  the  previous  answer  registered  in 
error.  Installing  an  “initial  edge  detector”  in  each  pushbutton  circuit  made  any  delay  in  the 
release  of  the  button  of  no  consequence. 

It  was  also  found  that  a  “warm-up”  or  exercise  program  would  prevent  the  errors  that 
occurred  when  the  occluders  stuck.  Another  mechanical  problem  was  obvious  in  the  cartridge 
tape  deck  which  announced  lens  “Number  One,"  and  lens  “Number  Two.”  These  messages  are 
played  so  often  during  an  examination  that  the  metal  sensors  on  the  tape  tended  to  break  down 
frequently  simply  from  wear.  By  replacement  of  the  tape  unit  with  a  Harris  Semiconductor  Corp 
chip  which  employs  continuous  delta  modulation  for  voice  encoding,  moving  parts  were  elim¬ 
inated  and  reliability  greatly  improved.  This  device  requires  about  16'/iK  bits/sec  memory  and 
gives  speech  of  good  telephone  quality. 

Many  other  changes  were  made  but  most  were  accomplished  too  late  to  afTect  the  level  of 
satisfactory  results  for  these  trials.  It  was  estimated  that  once  all  the  currently  uncovered  errors 
were  corrected  it  should  be  possible  to  approach  a  95%  satisfactory  operation. 

The  final  evaluation  with  80  patient-volunteers  was  performed  after  all  possible  corrections 
had  been  finished  (Marg  et  al.  1978b).  It  showed  95%  satisfactory  results  for  distance  and  100"' 
for  near.  Not  all  the  errors  were  completely  eliminated  at  the  beginning.  For  example,  there  was 
at  times  a  recurrence  of  a  “hunting”  oscillation  of  the  cylinder  axis,  which  was  called  axis  chatter 
This  fault  sometimes  slowed  the  test  but  did  not  directly  afTect  the  results. 

An  upgrading  of  the  hardware  and  further  improvement  of  the  software  and  optometric 
flow  charts  can  make  the  system  even  better.  Use  of  the  system  in  its  planned  mode  of  assisting 
the  clinician  rather  than  pitting  it  against  the  clinician  as  was  necessary  in  these  trials  should  also 
give  better  results.  The  following  developments  are  in  progress. 

1 .  Binocular  testing.  All  the  hardware  exists  for  performing  various  binocular  tests  includ¬ 
ing  heterophoria,  prism  duction,  etc.  The  development  of  flow  charts  and  their  translation  into 
algorithms  will  make  automated  binocular  tests  a  reality. 

2.  Microprocessor  interface.  Currently  the  system  interface  consists  of  hardwired  logic  cir¬ 
cuits.  Since  it  was  designed,  the  development  of  microprocessors  has  made  the  logic  circuit 
obsolescent.  The  same  job  can  be  done  by  microprocessors  with  greater  economy  of  cost,  size, 
and  weight,  and  proven  greater  flexibility  and  better  control. 

3.  Retro-illuminated  display  chart.  By  a  modem  microprocessor-controlled  adaptation  of  the 
old  back-lighted  eye  chart,  popular  half  a  century  ago,  the  display  will  have  no  moving  parts  and 
higher  reliability. 

4.  Floppy  or  flexible  disks.  Replacement  of  the  dual  digital  magnetic  tapes  with  floppy  disks 
would  decrease  memory  access  time  and  thus  the  examination  time. 

5.  Refractor  III.  The  refractor  has  proved  to  be  generally  rugged  and  reliable.  It  can  be 
improved  by  the  redesign  of  certain  aspects: 

a.  better  occluders  (so  that  a  warm-up  is  not  required) 

b.  lower  friction  in  bearing  surfaces,  to  allow  smaller  stepping  motors  and  faster  movement 

c.  replacement  of  the  mechanical  rim  encoders  by  photoelectric  ones 

d.  reduction  in  weight  and  size 

e.  redesign  with  an  eye  to  less  expensive  production 

f.  improved  appearance  by  covers  that  conceal  wires  and  cables 
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Computer  Measurement  of  Visual  Acuity 

The  determination  of  visual  acuity  is  central  to  any  eye  examination.  An  acuity  measure- 
men!  is  used  to  evaluate  both  the  initial  performance  of  the  eyes  and  the  results  obtained  through 
am  prescribed  correction. 

for  our  purpose,  there  is  no  need  to  go  into  the  fine,  esoteric  points  of  what  is  visual  acu- 
m  and  the  various  ways  in  which  it  may  be  measured.  Our  model  of  visual  acuity  determination 
ic  that  done  by  a  clinician  in  a  regular  eye  examination.  This  kind  of  measurement  is  relatively 
rapid  and  sufficiently  accurate  to  grade  patients  according  to  their  useful  degree  of  acuity.  From  a 
practical  viewpoint,  visual  acuity,  as  it  is  currently  determined  clinically,  is  entirely  satisfactory. 
Its  greatest  potential  weakness  lies,  not  with  the  method,  but  with  the  skill  and  conscientiousness 
of  the  examiner  He  may  not  wish  to  take  the  time  and  effort  to  produce  highly  accurate  results. 
It  mat  be  adequate  to  produce  results  that  are  satisfactory  but  not  necessarily  the  most  precise, 
the  use  of  Snellen  optotypes  has  become  almost  universal  in  countries  that  have  a  high  literacy 
rate  and  use  Roman  or  similar  letters,  but  equally  good  results  can  be  obtained  with  other  charac¬ 
ters  such  as  L  andolt  broken  rings  or  C’s,  and  illiterate  E's.  In  1965,  when  we  first  considered 
computer-assisted  eye  examination,  it  became  quickly  evident  that  the  solution  to  automated  eye 
examination  depended  on  the  successful  automatic  registration  of  visual  acuity.  By  the  term 
j uiitniaiii  we  do  not  mean  objective,  because  visual  acuity  is  normally  a  subjective  measurement. 

I  mil  recently,  objective  acuity  measurements  were  of  questionable  validity. 

Some  years  ago,  von  Bekesy  (1947)  devised  a  new  audiometer  in  which  the  subject,  in 
effect  took  his  own  thresholds.  It  used  the  method  of  “up-and-down"  of  Dixon  and  Mood 
i  |448i  which  was  originally  devised  for  the  testing  of  explosives.  (See  also  Dixon  and  Massey 
145’  1  (  ailed  the  “staircase  method,”  it  was  applied  by  Cornsweet  (1962)  to  psychophysical 
measurements  but  had  not  yet  been  applied  to  the  determination  of  visual  acuity.  The  staircase 
method  is  extremely  efficient  and  requires  presentation  of  many  fewer  stimuli  than  any  other 
psuhophystcal  method  Once  the  first  few  stimuli  are  out  of  the  way,  all  the  other  stimuli  are 
cerv  near  the  threshold  level  so  that  each  one  contributes  importantly  to  the  final  computer  thres¬ 
hold  value 

Marg,  Liberman,  and  Crossman  (1969)  uscu  the  staircase  method  for  the  determination  of 
visual  acuity  in  a  manner  simulating  computer  testing.  Since  no  computer  was  yet  available  to 
hem.  the  experimenters  changed  the  letter  sizes  manually  in  the  same  fashion  as  the  computer 
would  and  demonstrated  that  the  automatic  determination  of  acuity  was  feasible.  This  experiment 
led  to  the  actual  computer  determination  of  acuity  in  accordance  with  the  same  principles  (Cross- 
man  (joodeve,  and  Marg  1970)  The  determination  of  visual  acuity  by  the  automatic  method 
was  in  agreement  with  the  manual  Snellen  chart  determinations.  A  reasonable  compromise 
he’ween  the  conflicting  requirements  of  simplicity,  speed,  and  precision  was  achieved. 

The  automatic  method  is  best  understood  as  a  further  development  of  the  conventional 
manual  procedure  for  determining  visual  acuity  with  a  Snellen  chart.  The  patient  is  asked  to  read 
a  r.mre  or  less  random  sequence  of  alphabet  letters  of  a  given  size  or  visual  angle  subtense.  The 
clinician  notes  the  correctness  of  each  response  and  judges  whether  or  not  the  patient  appears  able 
to  resolve  that  size  of  detail  within  a  reasonable  time.  After  this  judgment  the  optometrist 
presents  smaller  letters  if  the  response  is  correct,  or  larger  letters  if  not,  and  the  procedure  contin¬ 
ues.  finishing  when  the  clinician  has  found  the  smallest  row  or  column  of  letters  that  the  patient 
is  able  to  read  The  acuity  is  given  in  a  fractional  form  as  the  distance  (which  is  directly  relatived 
to  the  subtense)  of  the  just  readable  letters  relative  to  that  of  the  normal  subject.  It  is  expressed 
as  20/ X.  where  X  is  the  distance  in  feet  at  which  the  normal  person  can  just  read  the  smallest  line 
that  the  patient  can  read  at  the  20-foot  distance.  Normal  is  20/20  or  detail  of  1  minarc.  If  the 
patient  fails  to  read  one  or  two  of  the  letters  on  a  line,  or  succeeds  in  reading  a  few  of  the  letters 
on  the  next  smaller  line,  a  notation  may  be  appended  to  the  fraction  indicating  slightly  more  or 
slightly  less  acuity  than  the  fraction  otherwise  indicates.  Some  clinicians  use  simply  plus  and 
minus,  others  indicate  the  number  of  letters  missed,  such  as  20/20-2.  (In  Europe  6/6  for  6 
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meters  would  be  used  in  place  of  the  metrologically  archaic  20/20.) 

The  patient  may  think  he  is  choosing  one  letter  out  of  a  set  of  26  choices,  but  certain 
letters  such  as  /  and  W  are  not  normally  used  on  Snellen  charts,  since  they  are  too  simple  or  too 
easily  confounded.  The  correctness  of  the  response  is  assessed  by  the  clinician,  who  usuall> 
encourages  guessing  in  order  to  avoid  the  common  error  of  underestimating  visual  acuity  If  the 
patient  guesses,  he  will  be  correct  by  chance  once  in  26  times,  which  is  a  probability  of  0.038  B> 
inverse  probability,  a  single  correct  response  permits  a  strong  inference  that  the  subject  can  actu¬ 
ally  read  the  letter,  since  the  likelihood  is  only  3.8%  that  he  was  unable  to  read  it  and  yet  made  a 
correct  guess.  With  two  consecutive  correct  responses,  the  probability  equals  about  0.038'  or 
0.0016,  so  that  the  likelihood  of  error  is  reduced  to  0.16%.  This  computation  ignores  differences 
in  the  discriminability  of  letters,  which  is  beyond  our  concern  here.  A  single  error  thus  permits 
96.2%  confidence  that  the  well-motivated  patient  cannot  read  the  line  in  question  Reading  letters 
is  thus  a  fast  and  accurate  method  of  determining  the  visual  acuity. 

The  basic  difference  between  the  manual  examination  and  the  computer  examination  is 
one  of  communication.  The  computer  can  present  all  the  letters  of  the  alphabet,  but  the  patient 
would  need  a  teletypewriter  keyboard  to  respond,  which  would  be  too  complicated  for  him  On 
the  other  hand,  the  computer  could  present  an  illiterate  E  or  the  Landolt  broken  ring  or  C'  in  one 
of  four  directions  and  the  patient  would  need  only  four  keys  to  respond,  one  for  each  direction 
If  the  four-choice  Landolt  C  target  is  used,  the  probability  of  a  guess  being  correct  is  0.25  and  five 
successive  responses  (which  yield  a  probability  of  0.001)  are  required  to  reach  the  same  certainty 
about  the  target  the  patient  can  actually  resolve  as  that  obtained  from  two  correct  alphabet  letters 
A  single  correct  response  yields  only  75%  confidence  of  believability,  and  two  successive  ones  are 
required  for  93.8%  confidence.  Therefore,  a  four-choice  procedure  may  be  expected,  other  things 
being  equal,  to  require  about  2 'h  times  as  many  responses  to  reach  a  similar  confidence  level  as  a 
26-choice  alphabet. 

The  original  program  was  run  on  a  PDP-8/I  with  4K  12-bit  words  of  core  memory,  and  a 
1.5-microsecond  memory  access  time.  This  program  actuated  a  random-access  carrousel  slide  pro¬ 
jector  containing  80  slides,  with  an  access  time  of  about  1  second.  The  program  employed 
approximately  500  machine  instructions.  Computations  were  performed  in  binary  arithmetic  and 
the  results  were  punched  on  paper  tape  and/or  printed  on  a  teletypewriter.  Subsequent  analysis  of 
the  data  was  performed  on  the  same  machine  by  means  of  a  Fortran  system. 

Fourteen  student  subjects  were  used,  some  of  whom  were  selected  for  poor  uncorrected 
acuity.  This  group,  with  a  mean  age  of  21  years,  of  good  intelligence,  and  apparently  free  from 
disease,  was  certainly  not  a  random  sample  from  the  total  population  of  potential  patients,  but  it 
was  not  unrepresentative.  None  of  the  subjects  was  experienced  in  computer  usage,  eye  examina¬ 
tion,  or  psychophysics.  None  of  them  experienced  difficulty  in  performing  the  required  task,  and 
all  gave  satisfactory  results.  For  these  early  trials  a  four-position  joy-stick  was  used  in  place  of 
pushbuttons,  but  later  in  our  work  we  found  the  pushbuttons  to  be  simpler  and  easier  to  use 
Visual  acuity  comparisons  were  made  on  an  American  Optical  Co.  Snellen  chart  (No.  194)  at  20 
feet,  with  about  10  foot-candles  of  illumination. 

Figure  6-1  shows  the  results  from  one  subject.  Two  conditions  were  used,  in  the  experi¬ 
ment,  A  and  B.  Condition  A  required  guessing  if  the  subject  could  not  discriminate.  It  was  a 
forced  four-choice  experiment.  In  condition  B  an  additional  "don’t  know’  ’  button  was  provided, 
and  the  subject  was  asked  not  to  guess.  These  two  conditions  actually  gave  the  same  results  and 
the  forced  four-choice  method  alone  was  retained. 

Although  the  basic  concept  of  automatically  recording  visual  acuity  was  shown  to  be  valid 
and  practicable,  it  was  desirable  to  speed  up  the  procedure.  For  this  reason  the  subsequent  pro¬ 
grams  were  divided  into  two  categories:  (1)  the  jump  procedure,  which  would  be  a  coarse  change 
of  acuity-chart  stimulus  size,  and  (2)  the  step  procedure,  which  would  be  a  fine  change.  Jump 
sequence  would  start  with  the  20/400  character  or  ring  and  quickly  proceed  to  the  region  of  the 
threshold.  Then  the  step  sequence  would  take  over,  and  in  small  steps  determine  the  actual 
threshold.  This  procedure  saved  time. 
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H(i  s  I  Sequence  of  automated  visual  acuity  determinations  from  one  subject.  Circles  indicate  positive 
re'.pon'.e  options  only  and  required  guessing  if  subject  could  not  discriminate.  Triangles  represent  data 
'Stained  »uh  an  additional  "don't  know"  button  when  the  subject  was  asked  not  to  guess.  Squares  represent 
both  oinditions  iCrossman.  (ioodeve,  and  Margj  1970  I 

Our  basic  computer-based  method  of  determining  acuity  has  been  adopted  by  Decker  et  al. 
i  ITS i  They  constructed  a  small  machine  for  this  purpose.  Various  other  automatic  methods  of 
determining  acuity  such  as  that  of  Millodot  and  Harper  (1969)  have  not  to  date  proved  clinically 
practicable  One  method  that  is  very  promising  and  has  been  used  on  human  infants  is  the  visual 
evoked  potential  (Marg  et  al.  1976)  However,  this  method  would  be  cumbersome  relative  to  the 
computer-based  method  described  earlier  unless  one  were  already  recording  evoked  potentials  for 
some  additional  reason 

Computer-actuated  Refractor  III 

The  design  and  construction  of  Refractor  III  (Plate  D)  came  as  a  result  of  the  experiences 
gained  from  the  design  and  construction  of  Refractors  I  and  II  They  have  been  treated  in  some 
detail  elsewhere  (Marg  1973). 

Refractors  I  and  II  were  based  on  a  trinary  system  Refractor  I  was  activated  by  solenoids, 
whereas  in  Refractor  II  pneumatic  motors  were  used,  triggered  by  relays,  which  controlled  air 
ortfices  Refractor  I  was  not  well  designed  mechanically,  which  prompted  the  change  tn  design  in 
Refractor  II  to  a  pneumatic  system. 

The  trinary  optical  system  was  adopted  for  two  reasons  First,  a  trinary  system  is  easily 
translatable  to  the  binary  system  on  which  the  computer  is  based  Second,  but  more  "nportant.  a 
trinary  system  provides  for  a  given  step  size  and  range  a  minimum  number  of  lenses  It  provides 
not  only  an  economy  of  lenses,  which  may  be  trivial  in  the  overall  cost,  but  there  are  also  fewer 
lenses,  which  may  simplify  effectivity  error  corrections. 


A  series  of  both  positive  and  negative  lenses  is  employed:  ±0  25  D.  ±0.75  D,  ±2.25  1) 
and  ±6.75  D.  These  lenses,  in  pairs  on  a  vane,  can  be  combined  in  such  a  way  as  to  give  a  range 
of  ±10  D  in  quarter-diopter  steps  Positive  and  negative  lenses  of  the  same  power  are  never 
required  simultaneously. 

A  similar  approach  is  used  for  cylindrical  lenses.  Only  negative  or  only  positive  cylinders 
are  required.  Customarily,  in  optometry  negative  cylinders  are  used.  The  lens  pairs  become  -0  25 
DC  on  one  side  of  a  vane  and  -0.50  DC  on  the  other  side.  The  next  vane  would  be  -0,75  IK 
and  -1.50  DC,  and  the  next  would  be  -2.25  DC  and  -4,50  DC.  This  series  would  give  a  max 
imum  range  of  -6.50  DC.  Of  course  cylindrical-test  lenses  must  be  rotatable  to  provide  the 
desired  orientation  of  the  axis. 

As  indicated  earlier.  Refractor  I  was  built  on  the  trinary  model,  in  which  linear  solenoids 
to  displace  each  vane  to  either  side  of  the  center  were  used.  The  inertia  and  friction  of  the  vanes 
holding  the  lenses  was  too  great  for  the  small,  short-stroke  solenoids.  Their  power  was  marginal 
and  was  inadequate  to  overcome  any  imbalance.  In  the  original  design  the  vanes  were  to  be 
moved  by  flexible  cables  from  the  remote  solenoids.  However,  the  friction  in  these  cables  forced 
us  back  to  the  drawing  boards.  There,  a  direct-lever,  push-rod  linkage  to  the  solenoids  was 
designed  and  built.  Spring  tensions  were  so  critical  in  their  adjustment  that  it  soon  became  evi¬ 
dent  that  Refractor  I  had  a  faulty  design  and  might  find  its  greatest  utility  in  a  museum 

Refractor  II,  based  on  the  same  trinary  system,  did  work  well  mechanically.  However,  it 
became  apparent  that  a  pneumatic  motor  system  had  not  as  high  a  reliability  as  would  an 
electro-mechanical  system  in  which  stepping  motors  were  used.  Moreover,  despite  its  economy  of 
lenses  because  of  its  trinary  concept  it  lacked  the  range  of  powers  and  variety  of  auxiliary  lenses 
needed  in  a  practical  system.  Also,  Refractor  II  required  a  source  of  compressed  air.  which  meant 
a  bulky,  noisy,  and  heavy  air  compressor.  For  these  reasons  Refractor  III  was  designed  and  built 
Refractor  II  did  fill  a  function  in  teaching  us  how  to  design  and  test  flow  charts  during  the  consid 
erable  period  that  Refractor  III  was  under  design  and  construction. 

Refractor  III  was  designed  around  four  lens-holding  disks.  Disk  I,  on  the  ocular  side, 
contained  the  high  spherical  lens  powers  (to  minimize  effectivity  error  corrections)  Disk  2  con¬ 
tained  the  low  spherical  powers.  Disk  3  had  the  high-power  cylindrical  lenses;  disk  4.  the 
low-power  cylinders  as  well  as  prisms.  In  addition,  auxiliary  devices  were  included  such  as  a 
stenopaic  slit  in  disk  3  and  cross  cylinders  in  disk  4.  Disks  3  and  4  were  designed  to  allow  a  rota¬ 
tion  of  the  orientation  or  axis  of  the  lenses.  Each  disk  had  25  round  ports  holding  24  lenses  or 
other  optical  devices.  One  port  was  left  empty.  Occlusion  was  accomplished  by  special  elec- 
tromagnetically  controlled  occluders  on  the  front  of  the  instrument. 

Disks  3  and  4  are  each  controlled  by  two  stepping  motors  and  are  therefore  independent  of 
each  other,  not  only  in  relation  to  position  but  also  to  axis  orientation.  Thus,  if  desired,  the 
prism  from  disk  4  can  be  used  at  a  different  axis  from  the  cylinders  on  disk  3.  Smaller  disks  with 
8  to  16  apertures  would  have  required  more  disks  in  the  design  for  the  same  steps  and  range  of 
power  and  would  have  complicated  the  efTectivity  errors  and  reduced  the  field  of  view  A  disk 
with  fifty  or  more  lenses  was  conceivable  and  desirable  in  that  it  would  reduce  the  number  of 
expensive  stepping  motors.  However,  the  large  size  would  be  awkward  and  would  take  twice  the 
time  for  the  “worst  case”  change  of  lenses,  through  24  ports  rather  than  12. 

All  positions  are  fed  back  to  the  computer  so  that  the  computer  can  alert  an  operator  if  its 
commands  are  not  successfully  executed.  The  cylindrical  or  prism  axis,  that  is  the  axis  orientation 
of  disks  3  and  4,  are  fed  back  by  shaft  encoders.  The  positions  of  each  disk  are  encoded  by  spe¬ 
cial  rim  encoders.  The  vertical  positioning  of  each  lens  is  critical,  especially  in  the  high  powers, 
because  of  undesirable  prism  effects  when  the  lens  is  not  exactly  centered.  On  the  higher  powers 
the  lens  centers  must  be  aligned  well  within  a  millimeter.  This  problem  has  been  solved  by  a  spe 
cial  photoelectric  detector,  which  insures  accurate  positioning. 

The  headrest  incorporates  proximity  detectors  so  that  the  computer  can  react  in  an> 
preprogrammed  way  to  the  patient  being  out  of  proper  position  in  relation  to  the  spectacle  plane 
of  the  instrument. 
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\  translucent  near  screen  activated  by  a  motor  controlled  by  the  computer  is  automatically 
i  place  lor  the  near  tests  The  screen  itself  is  of  translucent  material  and  retroilluminated  by 

■fu'  "'vMf  slide  projector 

In  place  of  a  manual  "flip''  cross  cylinder,  two  cross  cylinders  in  adjacent  ports  on  the 
>an>c  disk  are  used,  90°  apart  in  orientation  Thus  it  is  a  simple  matter  to  rotate  disk  4  from  one 
he  other  to  give  the  flip  effect  Another  possibility  would  be  simply  to  rotate  one  cross 
render  bv  40  very  rapidly,  but  that  part  of  the  system  cannot  respond  fast  enough  to  obtain  the 

Tp  ell ect 

I  iitle  has  been  said  about  binocular  testing  It  is  generally  agreed  among  optometrists  that 
s  .-nciLir  tests  are  important  and  desirable  There  is  some  room  for  argument  about  the  number 
K  tip  nl  tests  that  should  be  included  in  a  basic  eye  refractive  examination.  The  fundamental 
■  that  no  binocular  tests  have  been  included  thus  far  in  our  system  is  simply  a  matter  of 
;  r  ritv  It  has  been  necessary  to  get  the  monocular  tests  functioning  well,  since  they  are  funda- 
•rerttai  and  basic  to  the  examination  The  binocular  tests  have  been  postponed  until  the  monocu- 
a:  test'  arc  better  developed 

[here  is  no  basic  limitation  in  computer  examination  technology  as  to  the  type  of  binocu- 
.,!  :jsts  that  can  be  devised  Binocular  lest  flow  charts  have  been  devised  (see  Appendix  I)  but 
thev  have  not  vet  been  translated  into  algorithms  All  the  necessary  optical  devices  such  as 
pr-sms  and  special  lenses  are  available  All  prisms  can  be  oriented  vertically,  horizontally,  or  any¬ 
where  in  between  Separate  controlled  rotation  of  the  prisms  before  the  two  eyes  is  possible,  and 
:i  h  s  wav  finer  gradations  than  the  step  increments  available  can  be  worked  out  if  desirable.  A 
Tinnr  limitation  exists  in  that  the  prisms  reduce  the  number  of  gradations  possible  in  the  cylindri- 
,,i  lenses  since  the  prisms  and  some  of  the  cylindrical  lenses  are  in  the  same  disk  for  each  eye. 

\  different  approach  has  been  used  by  Larson  (1971-1973;  Larson  and  Outerbridge  1974). 

I  .rvin  applied  stepping  motors  to  rotary  prisms  in  order  to  perform  various  prism  tests.  Rotary 
K:sie> 1  prisms  were  considered  for  Refractor  III  but  it  was  decided  that  single  prisms  in  the  disks 
gave  ,m  adequate  choice  of  prism  vergence  powers  without  the  additional  stepping  motors  and 
fuai  surfaces  for  the  eye  to  look  through  A  system  such  as  Larson’s  might  make  an  excellent 
r'h.  pfic  instrument  and  be  quite  cost  effective  when  controlled  by  microcomputers. 

The  Alvare/.-Humphrey  variable  spherocylinder  lens  was  also  considered  for  our  applica- 
•  nr,  Its  primary  disadvantage  is  that  it  has  a  limited  range  A  practical  refractor  should  have  as  a 
minimum  spherical  powers  of  ±15  D  With  the  Alvarez-Humphrey  lenses  available  at  the  time, 
uiMharv  lenses  were  required  to  extend  the  range  In  our  application  there  seemed  to  be  little 
idv.mfage  as  long  as  auxiliary  lenses  would  be  needed,  since  the  simplicity  of  the  linear  control  of 
ens  power  'with  a  stepper  motor  driving  rack  and  pinion)  would  be  complicated  by  the  auxiliary 
ens  svstem 

kafir  and  Kashdan  (1976)  have  built  an  ophthalmic  computer-based  databank  system.  The 
la  .i  :  •  m  an  ophthalmic  examination  are  entered  into  the  computer  memory  by  means  of  a  light 
per  n  'he  cathode-ray  oscilloscope  face  Values  are  announced  vocally  by  an  enunciator  to 
tst'  j,'  i  lechniuan  who  is  performing  the  examination  without  an  understanding  of  the  strategy. 

'  ■-.•ns  he  technician  through  a  branching  program  what  to  do  next.  The  technician  enters  the 
l.i'.i  m:,.  'he  system,  which  controls  the  next  instruction.  This  method,  when  implemented,  will 
*>-■  -  -r  ur  to  our  system  except  that  it  will  obviate  the  need  for  a  computer-actuated  refractor, 
i  in  wuh  :he  response  box  and  computer-controlled  display.  The  obvious  disadvantage  of  this 
iff-  u  h  is  that  it  requires  a  human  being  doing  something  that  a  computer  can  do.  Nevertheless 
,  "v!'  t  less  training  and  skill  can  be  used  than  with  no  computer  at  all 

Retractor  111  is  a  useful  clinical  instrument  with  a  greater  range  and  accuracy  than  any 
'he-  '•■traitor  )  igure  6-2  shows  the  printout  from  an  actual  examination  taken  by  a  volunteer 

pi  •.  ■•■  r  I  efterman  Army  Medical  Center  during  system  evaluations. 

The  final  ludgment  on  systems  like  Refractor  III  and  its  successors  will  be  made  primarily 
•  -v -normc  grounds  (Plate  G)  It  appears  to  be  cost  effective  provided  the  instruments  are  kept 
’  j  •  ihlized  as  they  would  be  in  a  properly  organized  large  clinic  (Bohman,  1977). 
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FIG  6-2  Computer  printout  of  the  results  from  an  examination  by  Refractor  III 
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Chapter  7 

COMPUTERIZED  OBJECTIVE  REFRACTION 
AND  VISUAL  EVOKED  POTENTIAL 

AN  OBJ1CT1V1.  measurement  of  the  refractive  state  of  the  eye  is  highly  desirable  but  in  most 
instances  not  essential  Most  clinicians  routinely  lake  an  objective  measurement  by  retinoscopy 
Mis, i  known  as  skiascopy)  and  use  it  as  a  guide  to  the  subjective  refraction.  In  those  uncommon 
instances  in  which  a  subjective  refraction  gives  equivocal  results,  or  perhaps  cannot  be  done 
because  one  cannot  communicate  with  the  patient,  the  objective  refraction  may  be  used  as  a  sub¬ 
stitute  However,  as  the  subjective  refraction  uses  the  best  visual  acuity  as  its  endpoint,  it  pro- 
sales  the  most  useful  value  for  the  correction  of  refractive  errot  and  the  prescription  of  glasses. 

[ here  hace  been  several  theories  as  to  why  retinoscopy  does  not  give  an  ideal 
refractive-state  measurement  One  possibility  is  that  the  reflecting  surface  for  the  skiascope  shad¬ 
ow  seen  in  ihe  plane  of  the  pupil  is  not  that  of  the  end  organs  of  the  foveal  photoreceptors  but  is 
hasetl  instead  on  some  other  reflecting  layer.  Another  theory  is  that  much  weight  is  given  to 
parafoveal  and  peripheral  areas  of  the  fundus,  which  have  a  different  refractive  measurement 
from  that  of  the  fovea  In  any  case,  the  refractive  state  of  the  foveal  cones  is  for  the  most  part 
not  being  measured  and  it  is  the  sharpness  of  ihe  imagery  at  these  end  organs  that  provides  good, 
central  visual  acuity 

for  almost  a  half  century  several  objective  eye  refraction  devices  have  been  on  the 
market,  sometimes  called  refractionometers  (Chaps.  2  and  3).  These  instruments  work  in  much 
ihe  same  wav  as  large  ophthalmoscopes  on  instrument  stands  and  measure  the  refractive  state 
when  the  fundus  is  brought  into  focus.  They  are  objective  in  terms  of  the  patient,  but  not,  of 
course,  of  the  examiner,  who  must  make  a  judgment  as  to  clear  focus.  Refractionometry  is  not  as 
difficult  as  retinoscopy,  nor  does  it  take  the  long  training  for  competency.  Refractionometers  have 
never  become  popular  because  they  are  much  more  expensive  and  cumbersome,  and  the  results 
are  no  more  accurate  than  those  of  a  retinoscope  in  skilled  hands,  Refractionometers  have  been 
proposed  for  use  by  government  agencies  in  times  of  disaster  when  skilled  clinicians  may  not  be 
available  in  adequate  numbers.  However,  they  do  not  provide  a  prescription  that  is  any  better 
than  that  bv  any  other  objective  means. 

As  discussed  in  Chap  2  and  3,  in  the  past  few  years  three  automatic  retinoscopes  which  are 
-ompletely  objective  have  become  available  The  first  is  Safir's  Ophthalmetron,  manufactured  by 
Baussh  &  Lomb  The  second  is  the  Visual  Acuity  6600  originally  designed  by  Cornsweet  and 
(fane,  manufactured  by  Acuity  Systems,  Inc.  The  third  is  made  by  Coherent  Radiation,  Inc.  and 
iv  vailed  the  Dioptron  These  instruments  all  cost  from  $15000  to  30000  and  give  no  more  infor¬ 
mation  than  that  obtained  with  a  skillfully  used  retinoscope.  They  have  not  become  widely  popu¬ 
lar  although  they  have  been  used  to  provide  objective  examinations  administered  by  relatively 
unskilled  assistants.  For  this  reason  they  have  been  of  economic  value  in  some  practices.  Thsf 
cannot  be  generally  used  as  a  substitute  for  the  subjective  examination  as  some  originally 
assumed  (Pappas,  Anderson,  and  Briese  1978a,  1978b). 
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Visual  Evoked  Potentials 

Visual  evoked  potentials  are  potentials  that  can  be  obtained  from  the  visual  system,  gen 
erated  by  visual  stimuli.  Ordinarily  these  potentials  can  be  obtained  from  the  eye  by  j 
contact-lens  electrode,  or  from  the  brain  by  electrodes  on  the  scalp.  In  order  to  distinguish 
between  evoked  potentials  from  the  retina  and  those  from  the  brain,  the  latter  are  called  usual 
evoked  conical  potentials.  However,  most  investigators  make  this  distinction  by  using  the  classical 
name  electroretmogram  for  a  potential  from  the  eye  and  simply  evoked  potential  or  visual  evoked 
potential  for  that  from  the  brain.  The  term  visual  evoked  response  (VER)  is  identical  with  visual 
evoked  potential  (VEP), 

The  active  electrode  for  evoked  potentials  is  usually  placed  over  the  occipital  area  in  the 
midline,  2  cm  above  the  inion,  the  protuberance  at  the  back  of  the  head.  Changes  in  visual 
stimuli  generate  potential  changes  largely  in  the  visual  cortex  which  are  picked  up  by  the  active 
electrode. 

The  visual  evoked  response  recorded  from  the  scalp,  which  may  be  about  5  p.\,  is  gen¬ 
erally  much  smaller  in  amplitude  than  the  electroencephalogram  (EEC,  about  50  ^iVl.  In  the 
present  context  the  EEG  is  considered  noise,  and  therefore  averaging  is  required  to  be  able  to  dis¬ 
tinguish  the  evoked  potential  from  this  along  with  other  background  interference  The 
signal-to-noise  ratio  is  improved  by  the  number  of  samples  N ,  averaged  by  \Jy/N.  Averaging 
computers  are  available  for  around  $5000  but  a  basic  system  complete  with  visual  pattern  stimula¬ 
tor  currently  costs  up  to  $20000  (Table  7-1).  However,  a  computer  is  already  available  in  combi¬ 
nation  with  a  computer-assisted  eye  examination  facility.  Only  an  averaging  program  is  needed, 
along  with  suitable  analog-to-digital  and  digital-to-analog  converters  and  amplifiers 

The  literature  on  visual  evoked  potentials  is  large  and  growing  For  a  general  background 
the  reader  is  referred  to  the  most  definitive  current  textbooks  in  the  field,  by  Regan  (1972)  and 
Desmedt  (1977). 

The  use  of  averaging  to  extract  small  bioelectric  signals  from  noisy  backgrounds  originated 
with  Dawson  (1954).  Visual  evoked  potential  recording  blossomed  with  the  commercial  availabil¬ 
ity  of  averaging  computers  in  the  early  1960s.  At  first  most  experiments  were  performed  with 
homogeneous  flashes  of  light  free  of  stimulus  contours  or  patterns.  A  number  of  investigators 
attempted  to  number  or  name  the  separate  waves  of  the  evoked  potential  just  as  the  electroretino- 
gram  was  characterized  by  a,  b ,  c,  and  d  waves  half  a  century  earlier.  Each  investigator  published 
a  different  VEP  waveform  (Fig.  7-1).  Although  these  diverse  results  can  be  attributed  in  part  to 
a  lack  of  standard  light  stimuli  and  electrode  placement,  there  are  also  large  individual  differences 
and  variations  in  response  to  homogeneous  or  unpatterned  light  stimulation.  It  was  not  until  the 
early  1970s  that  it  became  generally  recognized  that  form  stimulation  is  preferable  to  flash  stimu¬ 
lation,  testing  more  precisely  the  capabilities  of  the  visual  system.  Spehlmann  (1965)  first  showed 
the  importance  of  using  form  stimulation,  comparing  checkerboard  stimuli  with  blank  or  unpat¬ 
terned  light  flashes.  He  also  showed  a  decrease  in  the  amplitude  of  the  evoked  potential  to  a 
checkerboard  stimulus  when  the  patterned  target  was  blurred  with  a  +10  D  lens. 

Reitveld  et  al.  (1967)  demonstrated  that  the  patterned  evoked  potential  was  primarily,  if 
not  entirely,  a  response  of  the  central  visual  field  (Fig.  7-2).  As  the  pattern  is  removed  from  an 
increasing  central  area,  the  response  diminishes.  When  the  stimulus  pattern  is  removed  from  the 
central  4°,  little  or  no  response  is  seen  because  the  fine  checkerboard  stimulus  can  be  resolved 
only  by  the  central,  most  acute  part  of  the  visual  field;  the  more  peripheral  retina  cannot  resolve 
the  pattern  and  thus  does  not  contribute  to  the  response.  Furthermore,  the  central  macular  area 
is  far  more  extensively  represented  in  the  visual  cortex  than  the  peripheral  parts  of  the  visual 
field.  The  authors  also  used  a  subtraction  method,  taking  the  responses  to  an  unpatterned 
stimulus  from  those  of  a  patterned  stimulus  to  provide  a  pure  patterned  response,  a 
manipulation  that  assumes  linearity. 

At  about  the  same  time  the  beginning  of  a  series  of  brilliant  analyses  of  the  evoked  poten¬ 
tial  appeared  by  Spekreijse  (1966).  His  results  (Fig.  7-3)  also  show  the  central-field  character  of 
the  patterned  evoked  potential  with  the  diameter  at  about  3°.  (This  phenomenon  provides  a 
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I  Ur  '1  Comparison  of  visual  evoked  potential 
obtained  bv  various  investigators  Waveforms  differ 
beiause  ol  lack  of  standardization  of  stimulus  and  elec¬ 
trode  organization  and  placement  More  repeatable 
waveforms  are  generated  with  patterned  stimuli  than 
with  homogeneous,  nonpatterned  light  flashes  as  used 
here  'from  Ciastaut  and  Regis  1%5  I 


FIG.  7-2  Contribution  of  central  foveal  area  to  pat¬ 
tern  response  Stimulus  is  checkerboard  approximately 
12°  square  with  increasingly  larger  central  area  blanked 
out  Curve  at  top  is  from  complete  checkerboard 
stimulus  Second  from  top  has  2°  diameter  central 
area  blanked  out  Third  and  fourth  curves  are  3°  and 
4°,  respectively  Response  curve  is  generated  primarily 
if  not  entirely  within  central  3°  (From  Reitveld  et  al. 
1967  > 


amplitude 

(pV) 


MG  '  -3  This  curve  supports  conclusion  from  Fig.  7-2  that  effective  area  for  pattern  response  of  visua 
evoked  potential  is  approximately  the  central  3°.  (From  Spekreijse  1966.)  Two  eyes,  counterphase,  chess¬ 
board  pattern,  10 . 4  9  cpa,  15%  mod  ,  3000  asb 
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TABl  I  7-2  Equivalent  sizes  in 
different  methods  of  notation 


Snellen 

Mmarc 

Detail*  (mm) 
(al  6  m) 

Cycles 
per  degree 

20/15 

0  75 

0  22 

400 

20/20 

1.00 

0  29 

200 

20/25 

1.25 

0  26 

24.0 

20/20 

1  50 

0.44 

200 

20/40 

2  00 

0  58 

15.0 

20/50 

2  50 

0.72 

12  0 

20/80 

4.00 

1.16 

7.5 

20/100 

5.00 

1  45 

60 

20/200 

10  00 

291 

3.0 

20/200 

15  00 

4  26 

20 

20/400 

20  00 

5  82 

1.5 

20/600 

20  00 

8  72 

1.0 

20/800 

40.00 

II  64 

0  75 

Multiply  by  5  to  obtain  size  of  Snellen  letters 


IABI  I  7-2  C  omparison  of  field  si/e  in  in 
_ to  visual  angle  in  degrees 


1. inear  (cm l 

Degrees  of  arc 

One  meler 

Six  mctei 

1 

1  74 

1F47 

2 

3  49 

20  95 

3 

5  23 

31  45 

4  1 

6  98 

41  96 

5 

8  73 

52  49 

7 

12  22 

73  67 

9 

1571 

95.03 

10 

17  46 

105  80 

12 

2095 

127  53 

14 

24  44 

149  60 

16 

28  68 

1 72  05 

20 

36  40 

218  38 

25 

46  63 

279  79 

30 

57.74 

346  41 

desirable  feature  for  the  clinical  use  of  evoked  potential  measurements.  Often  fixation  of  the  eyes 
may  be  uncertain  because  of  lack  of  understanding  or  following  of  instructions,  especially  in 
infants  and  children,  or  a  lack  of  ability  to  fixate,  as  in  the  amblyope  or  squinter.  The  stimulus 
screen  can  be  of  a  12°  diameter  or  larger  so  that  a  fixation  error  from  the  center  of  the  stimulus 
screen  of  3°  or  more  has  little  effect  on  the  results.)  Another  point  of  interest  in  clinical  applica¬ 
tion  was  the  demonstration  that  checkerboard  stimuli  yield  about  double  the  evoked  potential 
amplitude  of  gratings  of  the  same  size  and  detail.  A  larger  signal-to-noise  ratio  requires  fewer 
samples.  Spekreijse  also  clarified  the  relation  between  saturation  of  the  response  and  various 
stimulus  parameters  such  as  the  degree  of  stimulus  modulation  (Fig.  7-4). 

A  systematic  study  of  the  effect  of  image  blur  was  conducted  by  Harter  and  White  (19681 
They  found  that  the  refractive  state  of  the  eye  might  be  determined  from  evoked  potentials  with 
the  aid  of  trial  lenses. 


amplitude 

(pV) 


FIG  7-4  Relationship  between  stimulus  brightness,  percentage  of  modulation,  and  response  Saturation 
occurs  at  relatively  low  percent  modulation  with  bright  stimulus,  and  with  higher  degree  of  modulation  with 
dim  stimulus  Abbreviation  asb  stands  for  apostilbs,  a  European  unit  of  luminance  equal  to  1/ir  candela  per 
square  meter  or  0.1  millilambert  (From  Spekreijse  1966.)  Two  eyes,  counterphase;  checkerboard  pattern. 
I0;49cps.  3  5” 


108 


Principles  of  \  isual  Evoked  Potential  Refraction 

Visual  evoked  poiential  amplitude,  as  indicated  earlier,  is  a  function  of  retinal  image 
■.lurpness  iSpehlmann  1965,  Reitveld  et  al  1967,  Harter  and  White  1968).  Evoked  potential 
latent  v  depends  on  retinal  image  sharpness  (Harter  and  White  1970,  McCormack  and  Marg 

lo' 1 1  Hence,  in  principle,  one  need  merely  change  the  refractive  state  of  the  eye  through  vari¬ 
ous  auxiliary  lenses  for  a  maximum  amplitude  response  and/or  minimum  latency  evoked 
response  n>  determine  the  refractive  state 

I  he  determination  of  the  sphere  is  relatively  simple  and  straightforward.  Harter  and 
While  m  their  systematic  study  employed  translucent  checkerboards  which  were  briefly  retroil- 
uminated  by  a  xenon  flash  source  They  used  about  one  flash  per  second  and  averaged  approxi- 
-nateh  I1*'  response  curve  samples  in  order  to  obtain  two  points  on  a  graph.  These  points  gave 
:he  visual  evoked  potential  amplitude  at  two  separate  defined  latency  ranges  (90-100  msec  and 
l(tii.:i>n  msec*  while  the  eye  viewed  the  target  through  a  spherical  trial  lens.  Single  stimuli 
Hashed  at  intervals  of  a  second  or  more  can  be  characterized  as  the  transient  method.  (Another 
transient  method  is  one  called  appearance-disappearance  by  Spekreijse,  but  it  is  more  than  just 
transient  since  it  also  implies  a  constant  average  illumination.  This  method  is  now  called 
.•n, /..i.'Vr  iDesniedt  1977)  a  term  descriptive  of  the  stimulus  rather  than  the  percept.)  Figure 
shows  the  response  of  two  subjects  who  required  sizable  myopic  corrections. 

\n  alternative  to  the  transient-stimulation  method  is  the  continuous  or  steady-state 
stimulus  Millodot  and  Riggs  (1970)  used  a  continuous  sinusoidal  oscillation,  presenting  a  check¬ 
erboard  with  the  checks  in  alternating  antiphase  at  7  Hz.  The  maximum  amplitude  of  the 
sinusoidal  visual  evoked  response  was  sought  during  the  continuous  pattern  reversal  with  changes 
nf  spherical  lenses  Figure  7-6  shows  the  response  of  one  subject  to  the  7-Hz  stimulus.  Notice 
that  ’  11/  is  14  alternations  per/second,  which  is  reflected  in  the  sinusoidal  response.  Another 
way  ot  considering  the  response  is  as  a  rectified  sinusoidal  wave  which  yields  an  apparent  second 
harmonic  frequency  Figure  7-7  shows  the  response  of  the  evoked  potential  from  the  scalp  and 
also  of  the  electroretinogram  from  the  retina  to  changes  in  lens  power  which  varies  retinal  image 


FI(j  *  r  C  hange  in  visual  evoked  response  can  be  used  to  determine  spherical  refractive  error  In  upper 
graph  subiect  shows  refractive  error  of  -2  5  D  (myopia)  with  his  glasses  ofT.  In  lower  curve  subject  shows 
change  nf  H  00  D  without  glasses  (From  Harter  and  White  1968.) 
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sharpness  The  sinusoidal  outpul  Is  a  complex  combination  of  the  separate  on  and  off  responses 
a  combination  that  can  be  analyzed  for  amplitude  but  not  waveform  because  of  its  complexity 

It  is  important  to  monitor  the  output  of  the  amplifier  before  averaging  to  avoid  noise 
hich  may  be  synchronized  with  the  signal.  Most  troublesome  in  this  regard  is  a  strong  output  o! 
alpha  waves  of  the  KEG  (8-12  per  sec)  These  waves  can  be  driven  or  entrained  by  visual  stimuli 
in  their  frequency  range,  so  these  frequencies  are  often  avoided 

Using  essentially  the  method  of  White  (1969),  and  also  Duffy  and  Rengstorlf  (197]  ( 
Ludlam  and  Meyer  (1971)  alternated  the  checkerboard  stimulation  with  a  diffuse,  unpatterned 
light  stimulation  and  electronically  subtracted  one  from  the  other  The  flashed  checkerboard 
stimulates  both  the  form  and  the  light  senses,  whereas  a  diffuse  flash  of  the  same  average  lumi¬ 
nance  stimulates  only  the  light  sense  One  can  electronically  subtract  the  latter  from  the  former 
to  try  and  obtain  the  response  to  form  alone,  assuming  linearity  of  all  the  responses  Although 
this  assumption  may  not  be  entirely  valid  (Spekreijse  and  van  der  Tweel  1972),  still  the  responses 
seem  somewhat  better  with  this  manipulation  The  number  of  samples  needed  to  obtain  a  useful 
evoked  potential  depends,  of  course,  on  the  signal-to-noise  ratio.  The  signal  increases  with  \ 
(the  number  of  samples)  and  the  noise  decreases  with  s/lv,  if  we  assume  the  noise  is  Gaussian 
Thus,  the  more  samples  taken,  the  better  the  signal-to-noise  ratio,  but  the  more  lengthy  the 


FIG  7-6.  Visual  evoked  responses  to  sinusoidal  alternating 
checkerboard  in  antiphase  at  7  Hz.  Top  curve  is  maximum 
response  with  the  eye  in  focus.  Subsequent  responses  with 
+  1.00,  +3  00,  and  +4.00  DS  lens  causing  increasing  blur  shows 
parallel  reduction  in  evoked-poiential  amplitude.  (From  Millo- 
dot  and  Riggs  1970.) 


FIG.  7-7.  Curves  taken  from  data 
similar  to  those  in  Fig  7-6  and  from 
the  same  subject.  The  dashed  line 
labeled  visual  evoked  conical  potential 
< VECP)  shows  amplitude  of  evoked 
response  from  scalp.  The  solid  line 
labeled  electroretinogram  (t'RGI  shows 
response  taken  from  the  corneal 
contact-lens  electrode  Visual  evoked 
potential  is  more  peaked  than  electrore¬ 
tinogram,  and  therefore  more  sensitive 
and  useful  for  determination  of  refrac¬ 
tive  state  of  the  eye.  (From  Millodol 
and  Riggs  1970.) 
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pt.M-Jurc.  which  is  especially  undesirable  in  clinical  practice.  In  most  visual  evoked  potential 
..veugmg  i  sample  of  lb  to  100  is  adequate,  depending  on  the  signal  and  the  noise 

\  maximum  VI  P  response  is  obtained  from  checks  with  10  to  20  minutes  of  arc  detail, 
.mitrast  that  does  not  oversaturate  (Fig  7-3.  Spekreijse  1966)  One  scans  with  large  spher- 
v.n  Jus’trie  steps  to  find  a  rough  maximum  and  then  uses  small  dioptric  steps  to  get  the  most 
ice  result 

Met  ormack  and  Marg  (1973)  applied  the  principles  of  meridional  refraclometry  to  the 
iicaai  exoked  potential  refraction  Ciratings  rather  than  checkerboard  stimuli  were  used  despite 
.he  smaller  response  in  order  to  isolaie  ihe  meridional  value  optically.  There  are  three  potential 
.toads. images  to  this  method  First,  it  requires  much  mathematical  manipulation  to  make  the  cal- 
. illation  hut  that  is  no  disadvantage  if  a  computer  is  available  as  it  would  be  in  computer-assisled 
'etr.iv to >n  Second,  the  grating  targets  give  about  half  the  signal  that  checkerboard  targets  do,  a 
deficient s  tor  which  we  can  compensate  by  taking  more  samples  Third,  if  the  refractive  slate 
should  sars  as  it  does  when  accommodation  is  active,  large  errors  can  result  in  the  cylinder  as 
»eii  ac  'he  sphere  Placing  the  visual  stimuli  physically  as  well  as  optically  4  to  6  meters  away 
helps  nnnimi/e  this  effect 

With  these  electrical  methods  it  is  possible  to  obtain  accuracies  as  good  as  0.25  DS  in 
cpheric.il  refraction  with  checkerboard  stimulus.  In  meridional  refraction  the  accuracy  of  the 
.clinjricul  lens  may  drop  to  1.50  D.  although  results  as  good  as  half  a  diopier  can  be  obtained  at 
:imes  These  techniques  are  as  accurate  as  retinoscopy  for  spherical  determination,  but  not  as 
precise  tor  the  cylindrical  values  Furthermore,  the  time  required  for  these  determinations  is 
much  longer  than  the  few  minutes  retinoscopy  generally  requires.  With  future  development,  it  is 
possible  that  the  evoked  potential  method  may  become  the  best  objective  method  and  second  only 
•o  subjective  methods  Advances  in  techniques  producing  a  higher  signal-to-noise  ratio  by  elec- 
tronic  and/or  physiological  means  would  serve  this  goal.  At  present,  the  only  obvious  way  to 
achieve  this  goal  is  to  place  the  electrode  directly  on  the  brain  itself,  which  would  make  the  pro¬ 
cedure  unacceptably  invasive. 

Fast  Fourier  Transform  Refraction  Analysis 

Regan  (1973)  has  offered  a  fast  Fourier  transform  method  of  determining  the  refractive 
slate  nt  the  eye  in  2-3  minutes.  A  variable-power  lens  determines  the  average  spherical  refraction 
in  seconds,  the  astigmatic  value  is  then  determined  by  means  of  a  rotating  stenopaic  slit  traversing 
]  kii  m  about  20  seconds  in  a  continuous  meridional  mode.  The  response  from  the  scalp  after 
amplification  is  fed  to  a  quadrature  circuit,  which  separates  the  x  and  y  values  and  the  phase. 
After  some  integration  of  the  7-Hz  output  wave,  the  response  may  be  drawn  on  an  x-y  recorder, 
which  sields  a  circular  plot  that  provides  a  measure  of  the  refractive  state.  It  is  claimed  that  this 
method  is  sufficiently  accurate  to  provide  a  clinical  determination  of  the  refractive  state  of  the  eye. 

Bostrom  et  al  (1978)  have  attempted  to  replicate  Regan's  experiments  by  means  of  a 
superior  commercial  lock-in  amplifier  They  find  that  although  the  sensitivity  of  the  system  may 
reach  that  found  by  Regan,  the  reliability  or  repeatability  of  the  results  is  not  adequate  for  routine 
clinical  use  trraiic  changes  in  amplitude  can  be  observed  that  appear  to  be  caused  by  slight  vari¬ 
ations  in  the  VFP  output  frequency  when  fed  into  a  very  small  bandpass,  high- Q  circuit.  The  fre¬ 
quence  may,  for  example,  change  by  only  0.1  Hz.  The  period  difference  between  6.0  Hz  and  6.1 
11/  is  )  msec  This  is  only  1  to  3%  of  the  transmission  time.  A  biological  system  is  unlikely  to 
maintain  a  conduction  velocity  with  such  a  high  degree  of  stability.  Regan's  system  is  less  sharply 
tuned  (£)  —  64)  than  the  one  used  by  Bostrom  et  al.  ( Q  ”  240).  They  found  that  only  noise 
resulted  with  a  lower  Q 

Visual  Acuity 

The  evoked  potential  can  be  used  to  measure  visual  acuity  objectively.  An  older  objective 
method  of  determining  visual  acuity,  the  employment  of  optokinetic  nystagmus,  is  difficult  to  use 
and  of  questionable  validity  (Marg  et  al.  1976). 
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Campbell  and  Maffei  (1970)  showed  that  the  absolute-contrast  threshold  of  the  visual 
evoked  potential  coincided  with  the  psychophysical  absolute  threshold  At  threshold,  when  a  grat 
ing  was  visible,  it  would  produce  an  evoked  potential  but  the  same  stimulus  would  give  no  clear 
response  when  it  was  not  seen  (Campbell  and  Kulikowski  1972)  A  similar  reduction  in  meri¬ 
dional  amblyopia  (low  visual  acuity)  and  the  same  meridional  evoked  potential  was  shown 
by  Freeman  and  Thibos  (1973)  Berkley  and  Watkins  (1973)  demonstrated  in  the  cat  that  visual 
acuity  could  be  measured  by  evoked  potentials  by  variations  in  the  spatial  frequency  of  the 
stimulus.  This  experiment  was  followed  by  measurement  of  the  development  of  acuity  in  growing 
kittens  (Freeman  and  Marg  1975) 

Application  of  these  methods  in  the  nursery  yielded  data  that  showed  that  normal  healths 
infants  reach  the  normal  adult  level  of  acuity  (20/20  or  30  cycles/degree)  at  around  5  months  of 
age  (Marg  et  al.  1976,  Marg  and  Freeman  1976). 

Marg  and  Freeman  (1977)  found  that  the  agreement  between  the  common  standard 
psychophysical  method  with  Snellen  letters  and  with  gratings  eliciting  evoked  potentials  was 
mainly  within  ±7  cycles/degree.  Some  of  the  eyes  had  slightly  reduced  vision  because  of  chronic 
disease  (Fig.  7-8).  This  agreement  is  within  about  one  line  on  standard  visual-acuity  charts, 
which  is  normally  the  maximum  error  of  clinical  measurement.  Thus  these  15  subjects 
(6  normal  and  9  abnormal)  demonstrated  reasonably  good  clinical  agreement  between  the  subjec¬ 
tive  and  objective  measures  of  acuity.  Independently,  Grail  et  al.  (1976)  found  similar  results 

Evoked  potential  measurement  of  acuity  may  also  shed  light  on  visual  development  prob¬ 
lems  in  regard  to  visual  deprivation  which  causes  amblyopia  and  may  cause  squint.  These  mea¬ 
surements  provide  a  powerful  tool  for  the  clinician  and  the  neurophysiologist.  Modern  electrical 
engineering  and  computer  science  has  made  them  possible  and  it  is  expected  that  they  will 
become  more  widely  employed  in  the  near  future. 

Summary  and  Conclusions 

Although  the  visual  evoked  potential  holds  great  promise  as  a  clinical  tool  for  determining 
the  refractive  state  of  the  eye,  it  is  neither  sufficiently  fast  nor  accurate  to  be  used  in  a  routine 
manner.  It  can  be  of  value  for  selected  patients  who  require  special  diagnosis  such  as  for  the 
patency  of  the  visual  pathways,  and  for  the  diagnosis  of  certain  diseases  that  effect  the  visual  sys¬ 
tem  such  as  multiple  sclerosis  (Zeese  1977).  In  special  cases  it  may  be  helpful  in  determining  (he 
refractive  state,  along  with  retinoscopy.  It  also  can  be  used  to  determine  visual  acuity  objectively, 
which  is  of  particular  importance  in  infants  and  others  who  cannot  or  do  not  give  reliable  subjec- 
live  responses.  In  principle  visual  evoked  potential  refraction  should  be  superior  to  all  other 
objective  methods,  but  it  is  not  so  in  practice.  Further  development  of  the  field  where  the  advan¬ 
tages  of  these  principles  are  realized  may  one  day  make  it  routinely  useful  in  refractive  examina 
tions.  At  present,  evoked  potentials  are  firmly  established  as  an  important  diagnostic  tool  for  cer¬ 
tain  specific  problems  of  vision  and  the  nervous  system. 


FIG  7-8  Relationship  between  Snellen  visual  acuity 
and  evoked  potential  resolution  Squares  represent 
normal  eyes;  triangles  represent  those  with  some 
chronic  pathological  process  such  as  glaucoma,  macular 
degeneration,  etc  There  is  good  clinical  agreement 
within  ±7  cycles  per  degree,  between  the  dashed  lines, 
or  approximately  one  line  on  the  standard  visual  acuity 
chart)  for  most  of  these  measurements  (From  Marg 
and  Freeman  1977.) 
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Computer-actuated  Refractor  III  Prime 

While  this  hook  was  being  typeset,  the  new  developments  outlined  in  Chap  6  were  in  pr 
gress  and  have  now  been  completed  Refractor  III  Prime  (Plates  K  and  U  has  the  range  nl  '■ 
older  model  but  with  all  the  improvements  in  design  that  were  discussed 

The  system  is  smaller  (largest  dimension  24  in  I.  lighter  (52  lb),  and  more  reliable  ih.c 
seemed  possible  just  a  few  years  ago  Power  consumption  (typically  8  to  25  W  lor  the  relra.n  • 
and  less  than  500  W  total)  is  a  fraction  of  the  previous  level  The  refractor  is  faster  I  worst-. a-. 
movement  time  less  than  I  sec  at  low  speed),  and  quieter,  and  has  met  or  exceeded  the  design 
goals  to  make  it  a  practical,  clinical  instrument,  easy  to  maintain  and.  if  necessary,  to  sersio. 
Stepping  motors  control  the  axes  and  dc  motors  turn  the  lens  disks. 

We  have  also  installed  dual  floppy  disks,  microprocessor-controlled  retroillumin.iiyot 
displays,  microprocessor  interface,  and  a  single-board  computer  featuring  an  Intersil  IMblnu 
microprocessor  in  place  of  a  PDP-8/K  The  electronic  circuit  boards  and  power  supplies  tn  inn- 
one  box  with  the  dual  floppy  disks  The  box  can  fit  into  a  standard  1 9-in  -wide  rack  and  is  1 1  ir, 
high  and  34  in.  deep  The  front  of  the  box  has  a  two-line  display  of  24  alphanumeric  characters 
each  for  lens  power  readout. 

The  distance  retroilluminated  display  is  about  39  in.  square  and  4  in.  deep  li  employs 
long-life  miniature  incandescent  lamps  controlled  by  a  microprocessor. 

We  who  have  worked  on  the  project  over  the  years  feel  that  this  is  the  fruit  of  our  labor 
Naturally  we  shall  find  ways  and  means  for  further  improvement  But  at  this  stage  we  have  a 
practical  and  useful  instrument  that  we  expect  will  launch  eye  refraction  examinations  into  the 
computer  age. 
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Appendix  I 

CASE  HISTORY  FLOW  CHART* 
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_f  Is  patient  age  less  than  9  years'1") 


T 


Did  you  bring  your  child  in  lo  be  examined  because 
you  feel  he/she  holds  things  too  closely'1 


child  works  loo  closely 


Does  your  child  squeeze  his/her  eyes  together'’ 


I  child  squeezes  I 

I 

_fls  patient  between  the  ages  of  5  in  18 


T 


Did  the  school  nurse  or  teacher  tell  you  to  have  your  eyes  examined  ‘ 


|  school  referral  | 

r 


Are  you  troubled  in  any  way  with  blurred  vision  ' 


I 


,  Is  your  distance  vision  blurred’’ 

0 


•Rectangular  boxes  are  patient’s  answers;  round  boxes  are  questions  answered  from  data  in  the 


<b' 


<8> 
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computer 
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Arc  ihe  headaches  located  on  the  side  of  your  head  1 


temporal 


Are  the  headaches  located  in  the  eye  sockets'* 


When  your  head  aches  does  it  hurt  just  on  one  side'* 


Does  your  head  hurt  on  the  right  side'* 


Do  the  headaches  occur  three  or  more  nines  each  week  * 


occur  three  or  more  times  per  week 


Do  the  headaches  occur  one  or  more  times  each  week  * 


occur  once  per  week,  but  less  than  three  times  per  week 


Do  the  headaches  occur  in  the  morning’’ 


in  morning 


Do  the  headaches  occur  when  you  wake  up'* 


upon  waking  . 


Do  the  headaches  occur  in  the  afternoon'* 


in  the  afternoon 


Do  the  headaches  occur  in  the  early  evening'* 


early  evening 
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? 

Do  the  headaches  oaur  m  the  l.iie  evening  ’  ni)> 


[  Lite  evening  I 

Does  your  he.ui  hurt  when  vou  use  your  eves'  (jp 


1  re l.i ted  to  use  of  eyes  | 

j 

Does  vour  head  hurt  when  you  read  or  sew  ’ 

021 

1  at  near  I 

Does  vour  head  hurt  when  you  are  at  the 
movies,  driving,  or  watching  television  ’ 

0.1) 

|  at  distance  1 

Does  vour  head  star?  hurting  at  any  time  independent  of  what  you  are  doing7 

04) 

|  sporadic  1 

Do  sou  take  aspirin  or  olher  medicanon  when  vour  head  hurls'.’ 

051 

[takes  medication  for  relief 

] 

j 

When  vour  head  starts  hurting  do  you  slop  what  you  arc  doing’ 

06) 

slops  activity  for  relief 

* 

Do  vou  close  one  eve  lor  relief  when  the  headaches  occur. 

07) 

f  closes  one  eye  for  relief  | 

1 

When  vour  head  starts  hurling  do  vou  close  both  eves  lor  rcliel  ’ 

08) 

[  closes  both  eyes  for  relief 

J 

-  ■  -  J 

Do  your  eyes  feel  irritated,  burn.  itch,  or  tear  ’ 

09) 
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gci  red  when  vou  use  ihem  in  a  normal 


♦  H.ne  you  noised  vinv  Hashing  or  strewing  ot  light  in  \our  \ision 


Does  the  smog  m  the  .tir  aflevt  >**ur  eves’ 


smog  sensitivity 


Have  vo\j  ever  h.ul  a  serious  eve  miury  ’ 


Was  the  right  eve  injured-’ 


right  eve 


Was  the  left  eye  injured  * 


(  nulil  vou  see  as  well  after  the  eye  injury  as  before ’ 


reduced  or  disturbed  vision  from  injury 


Have  you  an  eye  disease  * 


at  present  has  an  eye  disease 


Have  you  cataracts  ’ 


Have  you  glaucoma  ’ 


glaucoma 


I)<k:s  this  eye  disease  affect  your  vision? 


affects  vision 


lave  you  in  the  past  ever  had  an  eye  disease  ’ 


!  past  eye  diseas- 


m 


m 


© 


l.mnK  hisinrv  < >1  ili.ihctcs 


( Is  I'.tncm  Icm.tlc  .iiul  14  \i  .»  nldei"’*^ 


r 


Vc  \"u  liking  birth  control  pi  IK  nr  meditation 


H43) 


medication  —  birth  control  drugs 


•  \  i  e  u*u  taking  .iin  form  ot  medication  ' 


i  I44» 


V 

V 


In  ><»ur  knowledge,  .ire  you  color  blind  ' 


<14h» 


(1471 


existing  color  blindness 

— j — 

()o  you  wear  contact  lenses 1 


(1481 


wears  contact  lenses 


Have  your  contact  lenses  been  satisfactory’ 
l(  i * li til  .mi  vkc.tr  them  jll  dat  comlnn.iblv  .tnd  »  lh  good  vision ’I 


1) 
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f 


4 1 
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(1521 


( 1 5  3 1 

( 1 54) 
(1551 

(156) 

(15'! 

(1581 

(15‘»i 

(1601 


Arc  sour  frames  loose  or  uncomfortable'.1 


frames  need  adiusimeni 

j — 

•\re  your  frames  more  than  2  years  old  ’ 


Irames  more  than  2  rears  old 


Do  you  wain  new  frames’ 


warns  new  frames 


(1621 


(J63) 


11641 


\re  one  or  hoih  of  vour  lenses  broken ’’ 


broken  lens 


-►  Did  you  slop  wearing  your  glasses  for  some 
reason  olher  lhan  ihcy  arc  losl  or  broken  1 


guil  wearing  Kx  lor  some  reason  | 


\re  vour  glasses  less  lhan  a  year  old  ’ 


Ry  less  lhan  one  rear  old 


_  ^Does  paiieni  wear  eonlaei  lenses  '^ 

Do  you  want  lo  stari  wearing  eonlaei  lenses  ’ 


warns  lo  wear  eonlaei  lenses 


1 


|  Rx  unsalisfaelory  in  ihe  pas^ 


Have  you  good  comfortable  vision  (hrough  your  glasses  now’1 
|  Rx  unsatisfactory 


¥ 


H65) 


(166) 


(167) 


(1681 


Have  you  had  good  comfortable  vision  through  vour  glasses  in  ihe  past’  (169) 


(170) 
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Have  vou  ever  hail  a  scrums  accident  nr  illness ' 


serious  accident  or  illness 

— j — , 

Do  vou  gel  car  or  sea  sick  ’ 


I  motion  sickness 

r 

)o  vou  cover  or  close  one  eve  to  look  at  something  closely 


uses  one  eve  to  look  at  something  closely 
Have  these  questions  covered  the  reason  you  came  in 

(  complaint  not  covered  bv  questions  asked 

i  1  J 


ask  all  questions  answered  "Don't  know"  tirst  time  through) 


waraswuf! 


Appendix  II 

SOME  EXAMPLES  OF 

EYE  TEST  FLOW  CHARTS  FOR  REFRACTOR  III 

Refractor  Ml  ^subroutines 

\,;y  H-:-  ••U"  Messages 


V  ...  \,  .4  '> 

-if.'  H -Mills 

x -n-  v  -  ,,v  spherix.il  (  orrcction 
s;\.. i  Nphcfu.it  (  nr  reel1. >n 
.  va  Degree  "t  I  og 
.  .i  \xis  \stigmatu.  t  ine 
\,>p*  ■  *  -  ,»:e  t  v  1in«ir ical  Avs.  Cross  Cylinder 
.  -\!-  v,i  I'.  *er  (  ross  C  .  meter 

Up*  Recorder  (  nmitninds  and  Messages 

.  -4  W . . - 

IVjv.  •’■•■vf  forward  so  that  sour  head  is  against  the  headrest 
;  Whr  .  ..  hear  This  tone  again,  press  the  button  that  corresponds  to  the  opening  of  the  C\  If  you  are  not 
*/•;  ■'  .ik-:  a  guess  It  vnu  want  to  hear  the  instructions  again,  press  the  x  *nter  button 

1*  ,n.  set  <<t  lines  is  darker  or  sharper  than  an>  other,  press  the  button  that  corresponds  to  that  set  of  lines 
[•  i :  'he  mfs  .iff  the  same,  press  the  center  button 

i  Whi.h  sex imn  has  the  clearer  and  sharper  letters,  the  red  section  or  the  green  section ’’  At  the  sound  of  the 
•ne  if  'he  letters  m  the  red  section  are  sharper,  press  the  top  button  If  the  letters  in  the  green  section  are 
harper  press  he  bottom  button  Press  the  right  button  if  the>  are  the  same  if  you  want  to  hear  the  instruc- 
■  i -ns  again  press  the  -enter  button 

'  this  s  he  end  of  the  test  I  hank  you  for  your  cooperation 

s  Whkh  ;ens  makes  the  smallest  letters  vou  can  see  without  squinting  clearer,  lens  No  I  or  lens  No.  2'*  Press 
he  '•  p  ^iitfon  it  No  l  is  xlearer  Press  the  bottom  button  if  No  2  is  clearer  Press  the  right  button  if  they 
.re  'he  same  It  sou  want  to  sec  the  choices  again,  press  the  left  button  If  you  want  to  hear  the  instructions 

ig.ii''  press  f he  *enu  button 

l  ""k  -arehillv  at  the  smallest  letters  you  can  see  without  squinting  At  the  sound  of  the  tone,  press  the  top 
r'  r  :he  letters  are  clear  Press  the  bottom  button  if  the  letters  arc  blurred  If  you  want  to  hear  the 
''•f'.iv'tons  again  press  rhe  center  button 

i  lAhAh  'i nt's  are  darker  and  sharper,  the  horizontal  lines  or  the  vertical  lines'*  At  the  sound  of  the  tone, 
press  'hr  :..p  button  if  the  horizontal  lines  are  sharper  or  press  the  bottom  button  if  the  vertical  lines  are 
'harper  Press  the  right  button  if  they  are  the  same  If  you  want  to  hear  the  instructions  again,  press  the 

a,r"e'  tsi.it?! in 

*  I?  *<>u  see  a  Hashing  red  bar  above  the  white  spot,  press  the  top  button  If  the  red  bar  is  below  the  white 
'P1  •  press  *he  bottom  button  If  the  red  bar  touches  or  crosses  the  white  spot,  press  the  right  button  If  you 
i1  n- ;  see  a  Hashing  red  bar,  press  the  left  button  If  you  want  to  hear  the  instructions  again,  press  the  center 


Pinal  C  ylindrical  Axis.  Cross  Cylinder 

Sphere  Power  C  heck 

Binocular  Balance 

Astigmatic  Test  Interaction 

Hffeclivity  Program 

Near  Add  by  NR  A  and  PR  A 

Horizontal  Phoria  (by  disassociation) 

Horizontal  Phoria 

Vertical  Phoria 

Horizontal  Ductions 

Vertical  Ductions 


1  I?  w-u  see  a  Hashing  red  bar  to  the  left  of  the  white  spot,  press  the  left  button  If  the  red  bar  is  to  the 
' gir  I  ’he  *hiie  spot,  press  tfv'  right  button  If  the  red  bar  touches  or  crosses  the  white  spot,  press  the  top 
*'u!!np  I!  vou  do  not  see  a  ih  'mg  red  bar.  press  the  bottom  button  If  you  want  to  hear  the  instructions 
igai"  press  ihe  center  button 

\Ahen  vou  see  a  single  target  or  two  targets  that  are  so  close  together  that  you  can  combine  them  into  a 
'ingle  target  press  the  top  button  If  you  cannot  make  the  two  targets  combine  into  a  single  target,  press  t  e 
N'ttom  bminn  If  you  want  to  hear  the  instructions  again,  press  the  center  button 

•  2  V*u  will  sec  two  targets,  one  above  the  other  If  the  top  target  is  to  the  right  of  the  bottom  target,  press 
he  'ight  button  If  the  top  target  is  to  the  lefl  of  the  bottom  target,  press  the  left  button  If  the  top  target  is 
Jirev'K  abuse  the  bottom  target,  press  the  bottom  button  If  you  want  to  hear  the  instructions  again,  press 

’he  venter  button 


Sfcu'i  \f>  sunt?* 

1  Number  I 

2  ( mod 


3  Left  eye  now 

4  Please  respond 


5  Number  2  7  Same  choice  again 

6  Very  good  8  Hello 
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Symbols 
AO  —  Add.  None 
At  —  Add.  Empirical 
AF  -  Add.  Final 
AT  -  Add,  Tentative 
Beep  —  Signal  for  Patient  Response 
Bit  -  Bithrome  Letter  Chart 
BIP  -  Bipartite  Letter  Chart 
BL  -  Bipartite  Lens  -0 .25  DS  Left 
+  0  25  DS  Right 
BV  A  —  Best  Visual  Acuity 
CPA  —  Cylindrical  Power.  Approximate 
CPAN  -  Cylindrical  Power,  Approximate  New 
CPF  —  Cylindrical  Power,  Final 
CPT  “Cylindrical  Power,  Temporary 
C  -  C  ombined  With 

C  X  -  Consecutive  Circuits  through  a  Loop 
D  -  Counter 
F  -  Frror 
FQ  —  Equal 

FA  -  Approximate  RX  (between  subroutines) 
defined  as  SPA  +  CPA  +  XA 
FOCi  -  FA  with  enough  Plus  Sphere  Power 
to  Fog  (blur)  Vision  to  20/40  VA 
FT  -  Temporary  RX  (within  subroutines) 
defined  as  SPT  +  CPT  +  XT 
Ci  —  Counter 
H  -  Halt 
K  -  Counter 
L  -  Left 

LC  -  Letter  Chart 
LM  -  Long  Message 
M  —  Multiplication  Factor 
N  -  No 

NA  —  No  Astigmatism 

NLC  -  Near  Letter  Chart 

NOAX  —  No  Axis 

NOR  -  No  Objective  Results 

NRA  -  Negative  Relative  Accommodation 

NS  —  Near  Screen 

OD  -  Right  Eye 

OR  -  Objective  Results 

ORR  -  Objective  Results  Relinoscope 

ORX  -  Old  RX 


ORV  -  Objective  Result,  Visual  Evoked  Response 
OS  -  Lei  l  Eye 
OL  —  Both  Eyes 
PF  —  Power  Factor 

PRA  —  Positive  Relative  Accommodation 
Q  —  Reaction  Time  as  determined  by  Threshold 
VA  Reaction  Time 
R  -  Right 

RTL  -  Reaction  Time  Limn 
RX  -  Prescription  Powers  and  Axis 
RRX  -  Recommended  RX 
SD  —  Snellen  Denominator 
SM  -  Short  Message 
SP  -  Spectacle  Plane 
SPA  —  Spherical  Power  Approximate 
(between  subroutines) 

SPT  —  Spherical  Power  Temporary 
(within  a  subroutine) 

SPF  —  Spherical  Power  Final 
SN  -  Slide  Number 

V  —  Clearest  Line  which  the  Patient  Observes 
VA  -  Visual  Acuity 

VAAE  -  Visual  Acuity  with  Empirical  Add 
VAAF  -  Visual  Acuity  with  Final  Add 
VAAO  -  Visual  Acuity  with  No  Add 
VANOR  -  Visual  Acuity.  No  Objective  Results 
VAORR  -  Visual  Acuity,  with  Retinoscopy  RX 
VAORX  -  Visual  Acuity,  with  Old  RX 
VAORV  -  Visual  Acuity,  with  VEP  RX 
VEP  -  Visual  Evoked  Potential 
W  -  Wrong 

WPF  —  Write  to  Patient's  File 
X  -  Circuits  through  a  Loop 
XA  —  Cylindrical  Axis.  Approximate 
(between  subroutines) 

XAN  —  Cylindrical  Axis,  New 
XC  -  Cross  Cylinder 
XCI  —  Cross  Cylinder  No  1 
XC2  —  Cross  Cylinder  No  2 
XF  —  Cylindrical  Axis.  Final 
XT  —  Cylindrical  Axis.  Temporary 
Y- Yes 
Z  -  Counter 
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Pl.ATF:  l  (  Inmate  successful  automated  eye  examtnat 


A l  THOR  INDKX 


44  4f»  f>  In 
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t/e’i'n  '  4n  nln 

l)a»vr  -t.l)  in'  |  Mn 

t J'JL h., i i-s  I)  |  \t  .'(I  21  i’„ 

linker  I  <  I  fin  ”  Kin 
I'eithil  s  i:  1 1  ln 
Denne-'  A  s  I’n 

IWar'cv  H  |’  ;|  rn 
Deemed'  II  |(I4  1 1  In 
Dmm  *  |  4<  |  Of hn 


I  )i  irsev  II  '  in 
Droilcr  (  I  In  lKn 

Drinker  i*  I  D  |(,n 

Du  Bui'.  \  74  i  'n 

Dullv  I  II  1  |ii  1 1  In 

I  IKviiirth.  K  M  .  Mn 
I  nislev  II  II  '*)  h3n 

I  lUilkner.  I)  J  |iD 

f  ireh.mi  kk  II  A  n.In 

I  tankini  B  .  28 

I  iceman.  D  V  .  In.  Inn.  97.  |uln.  III.  112 
I  iceman  M  II  nln 
I  riedenvvald  J  S  .  ” 

I  rnnnuiller  < .  I  (  2'*.  IKn 

C.jstjui  II  |il\  1 1  in 

k  .avareli .  J  .  4' ,  n.In 

(leidril.  K  kA  .  12.  Ihn 

(inkl'iein.  I’  J  .  In.  Inn.  47  min 

k miilieH.  ( i  I  ,  1  In 

k ir.rele,  A  von.  44.  47.  5 1 .  h4n 

kir.rH,  3  .  112.  llkn 

kireclt.  K  .  P 

(rrcen.  A  k  ,  M 
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k i reer  I  DM 
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Harper.  P  .  4’.  |(l|n 

Harter.  M  R  IIIK.  It>4.  llln 

llavner.  J  von.  44.  A4n 

Hawkins.  J  I  .  28.  IKn.  46 

llav  <>  2.1 

Haves.  ki  S  .  6.  7.  |2.  Inn 
Haynes.  l>  R  .  V.  IKn 
llenker.  D  M 

llersehel  J  I  V.  14.  11.  IKn 
Hrek'.  ki  P  .  h4n.  nn.  7.ln 
Hirsehhcrg.  J  47,  n.In 
I  (olden.  I  S.4X 

Humphrey.  AV  I  .  24.  IHn.  62.  t>3n.  44 

Hung.  ki  .  ’2.  7.1n 

Hunsicker.  C  l  .  54,  n.In 

Huxley .  A  .  I .1.  14.  Inn 

Huygens,  (  ,  IK.  |4.  20.  IKn 

llyams,  I  hi.  h.ln 

Jaekson.  t  .  2h,  27,  28n.  39.  63n 
jaeger.  I  von.  22 
Jagerman.  I  S  .  M.  h4n 
Javel.  I.  I  .  26,  27.  31.  34.  38n 

Kashdan.  Y  99.  lOln 
Keller.  C  .  III.  Il3n 
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Kellner,  (i  A  II  .  40.  41.  55.  hln 
Kepler.  J  .  17.  18.  20.  ?Xn 
Kerr.  K  I  .  hi .  62.  hln 
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Kueiher,  (  I  .  77.  8ln 
Kuliknwski.  J  J  .  1 1 2 
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Phoru.  heterophoria  V<  < -  phoroptcr 
l*h««<>mcict  phoropiei  M  Sir  <;/>„  retractor. 
Nioons.  '1.  M  hi  I  hinoail.ir  phoromcicr.  Wil¬ 
son  phommetcr.  phoru.  iluamn.  Sasage's  mono- 
sular  phoiumelcr,  Hisley  prism,  cvclnphoria. 
1'ru.c  s  photometer.  Wells  handy  phornnicter.  s| 
l>ht>rovisi.  ^7n 

f*h\Mological  optics  20-21.  retinal  image.  Schemer 
disk,  ocular  dioptrics,  emmetropia,  pupil, 
schematic  eve.  binocular  vision,  corresponding 
points  physiological  diplopia,  retinal  blur  circles 
and  locus.  20.  accommodation,  crystalline  lens, 
presbyopia  h\ permetropia.  21.  accommodative 
unit  ts 

Poly  spherical  lens  ol  Johann  /jhn.  24  ?4 
Prescription  basis  ol.  4  human  contribution.  S. 

print  out  o!  Kclractor  III  |ih» 

Printout  language  r«  Kclr.uioi  III  system  ) tM) 

Ravr.-f  and  Keeler  4' 

Retraction  S« .  eve  ex  immaiion 
Relfactometcr  relr. uitorn. meter  Y, ,  ..ptometer 
Refractor  eve  N'  •s*1  Nk^'ptiunelet  40  42  [)e 
/eng  Phoro  <  tpior  u*e«  >2  ^ellsworth  De 
/eng  Phoroptcr  Models  'Kx  sg9  lind  ^90. 
^2  Y4  Rx  Master  t  Kramatu.  <4  ni  Henker 
llunskkei  ^4  ( lenotbjlmic  ^4  >>  (treens  .  Ys 
99  Kellner  principle  4n  4>  ^s  (lfccns  f) 

\  xaminor  British  Refracting  I  nit  Ruka  Y  ana- 
tor  Stokes  Javel  lens  ys  Muller  Yisute\t-(  . 
>b  s'*,  bti.  Rodensiock  Phorovrst.  >b  5?. 
•Xstimess  cross  cylinder  ol  Reiner  Disk  Retrac- 
lometer  sb  I  illy  cr  principle  •  See  also  1  rial  l  ens 
Sett.  *■*.  Japanese  including  M  <)  S  .  KK  1-10, 
Sew  (  berry  Precis-o-malk.  lopcon  Vision  fes¬ 
ter.  s7  /4j  Risley  prism.  *9  b0.  Humphrey  Visual 
Analyzer.  b2 

Refractors,  computer  actuated  Refractor  I.  97. 

Refractor  Jl.  97-98.  Refractor  III.  97-100 
Restricted  communication  pushbuttons,  12. 
prerecorded  messages.  2 

Retinoscope  value.  1.  \<r  also  objective  refraction. 

4.  with  regard  to  visual  evoked  potentials,  103 
Risley  prism  59-hO 
Rodensiock  Optical  Works.  5b 
Rodensiock  Rcfraetometer.  50 
Ruka  Variator.  55 
Runge  and  Kaulfuss.  47 
Rx  Sir  prescription 

Sensitive  period  infant  eye  examination.  2;  relation 
to  automated  eye  examination.  5 
6600  Auto-refractor.  62 
Skiascope  .SYr  retinoscope 
Schemer  disk.  27 

Spectacles  first  appearance.  i7.  trifocals.  28, 
numbering  and  measurement  of  lenses.  29-32. 
power,  focal  length,  radius  of  curvature,  Murano. 
29.  grados  and  varas  of  Da/a  de  Valdes.  29-30; 
curvature,  proximity,  back  vertex  power,  dioptrie 
of  Monoyer  (diopter).  Badel  phakometer.  focim- 
cter.  Katral  and  Punktal  lenses,  nodal  point  of 
eye.  31.  spectacle  magnification  from  power  fac¬ 
tor  times  the  shape  factor,  32.  Pans  inches, 
Javal's  sltderule.  34.  nomograph.  34-35 
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Speech  conveners.  15.  tape  recorder  messages,  84 
Standard  Optical  Co  .  48 

Subjective  refraction  general,  3.5;  optometers. 
27-28,  Chapter  6.  83-101  passim;  sequential 
spherical  test.  83.  87-88.  simultaneous  spherical 
test,  83n;  fogging  technique  or  test.  84,  88; 
bichrome  test.  84.  astigmatic  test  interaction,  84. 
90.  effect tvit>  program,  84.  confusion  of  direc¬ 
tion.  84;  visual  acuity.  85;  use  of  objective 
results,  85,  87;  approximate  sphere,  87,  lines 
(gratings!  lor  cylindrical  axis.  88;  cross  cylinder 
axis  test,  88-90;  cross  cylinder  power  test.  89; 
near  add.  91;  evaluations.  91-94,  developments 
in  progress,  94,  visual  acuity,  computer  measure¬ 
ment  of,  95-97 

Technology  difficulty  in  prediction,  14 

Test  validity  of  computerized  test.  Iff 

Thorner  Eye  Refractometer.  50 

Tonometry  (irolman's  noncontact  tonometer,  4 

TOC  T-10,  57 

Topcon  Optical  Co.,  57 

Topcon  Vision  Tester  Model  VT-SD.  57.  59,  60 
Trial  frame  Californian.  Light  Weight,  40-41; 

Jackson's.  40;  Precision,  43;  l)e  Zeng.  52 
Trial  lens  set:  use,  I;  origin,  29,  39;  numbering  and 
measurement,  29-32;  Precision  of  Kellar.  Tillyer. 
40,  43,  British  standard.  Swan,  43 
Tropel Inc  ,  61 

Ultramatic  Phoropter.  57,  60 

Visual  acuity:  test,  I;  need  for  testing.  3;  assess¬ 


ment.  21-23;  minimum  separable, 
objects.  21-22.  Schnft-Scalen.  Romaa 
face.  Jaeger's  chart,  Snellen  frt 
metric  system,  22;  decimal-V 
ring  or  "C"  test,  Landolt's 
Optotypes,  astigmatic  charts,  27 
Visual  care  .Sir  eye  examination 
Visual  evoked  potential:  for  refrai 
7,  103-113  passim:  infant 

definitions.  VHP.  VECP,  ERG, 
signal-to-notse  ratio,  104,  108,  11 
104.  form  or  pattern,  104;  flaih 
104;  lack  of  standardization,  105;  f 
visual  held  response,  104-105,  10t{J 
mercial  equipment.  Table  7-1,  10 
stimulus  sizes.  Table  7-2,  and 
sient.  onset-offset,  appearan 
continuous  antiphase,  steady 
lion  of  flash  from  pattern  rest 
110;  sample  size,  check  vs 
meridional  refraclometry.  accon 
Fourier  transforms,  111;  objectilHftj 
acuity.  1 11-112;  infant  acuity,  viti 
amblyopia,  squint.  VEP  vs  Snellen  I 
sions.  1 12 

Visual  evoked  response  See  visual  t 
tial 

Visual  fields  in  disease,  4 
Wellsworth  f)e  Zeng  Phorometer,  52 
Zeiss  Parallax  Refractometer,  50 
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